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ABSTRACT 
The Expanded Small-Scale Physical Model (ESSPM) is a distorted-scale, moveable bed 
model that will complement numerical and field studies directed at studying management 
strategies in the lower ~140 miles of the Mississippi River and their effect on flooding, 
navigation and coastal restoration. It is recognized that relative sea level rise (RSLR), the 
combination of eustatic sea level rise (ESLR) and subsidence, will have an impact on the 
hydraulics and sediment transport in the lower River. However, it is physically impossible to 
replicate subsidence in the ESSPM; thus, future RSLR conditions will have to be experimentally 
simulated by raising the Gulf of Mexico (GoM) levels commensurate to future RSLR. The 
purpose of this thesis is to develop and apply 1- and 2-D numerical models to quantitatively 
compare the hydraulics and sediment transport characteristics at both the ESSPM and prototype 
scales under future RSLR conditions in two ways: (1) the natural conditions where river 
bathymetry is subsided and GoM levels are raised independently; and (2) ESSPM conditions 
where the combined effect is modeled as ESLR. 
HEC-RAS 5.0.3 was used to develop 1-D prototype and distorted models, as well as a 2-D 
prototype model. The 1-D prototype model was first calibrated and validated for 2009 and 2010 
Mississippi River conditions. The prototype geometry was replicated at the ESSPM distortion 
(i.e. the vertical and horizontal axes were scaled 1:400 and 1:6000, respectively). A 150 ft x 150 
ft grid was created from the 1-D cross sections to create the 2-D prototype model. Five future 
subsidence and ESLR scenarios were simulated for each model under RSLR and model 
conditions (ESSPM SLR) to compare depth, bed shear stress, and velocity. The differences of 
depth between RSLR and ESSPM SLR decrease with each station approaching the downstream 
boundary condition of equal depths. However, maximum RMSE percentages are still below 3%. 
Velocity and bed shear stress are roughly the same between RSLR and ESSPM SLR and start to 
deviate at Empire (RM 29.5) and Venice (RM 10.7) with significant differences. ESSPM SLR 
has a smaller impact on the ESSPM model compared to the prototype model, and differences in 
both models increase with each scenario. The 2-D prototype model estimates insignificant 
differences in all three parameters compared to the 1-D models. 
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CHAPTER 1. INTRODUCTION 
Louisiana’s coast is critically important, regionally and nationally, in terms of its wetlands, 
fisheries, wildlife, large ports & navigation, and oil & gas and petrochemical infrastructure. This 
fragile system is experiencing saltwater intrusion, flooding, and shoreline erosion due to human 
disruption and deltaic system degradation, which prevent or minimize the natural processes of 
land building. The resulting land loss affects the ecosystem as well as the flood protection 
systems, thus having an impact not just on the state, but on our national economy (Demarco et 
al., 2012). 
 The Mississippi River is a highly engineered system due to its critical importance to 
navigation as well as the large number of communities and industries along its banks. Levees and 
other structures reduce the sustainability of surrounding wetlands, and the levees become 
exposed to damage. The lowermost ~100 miles of the river is being stressed by relative sea level 
rise (RSLR), the combination of eustatic sea level rise and subsidence. Subsidence, or the 
decreasing elevation of land, is particularly high in coastal Louisiana, leading to very high RSLR 
rates. It is anticipated that, in the future, eustatic SLR will accelerate and, with subsidence, result 
in an increasing fragile lower river system. 
 Physical modeling is one tool for simulating natural systems in short periods of time. 
Physical models are often used to study long-term trends in water resources systems or the 
effects of hydraulic structures on hydraulic flow, sediment transport, and many other hydraulic 
systems (Chanson, 1999). The Expanded Small-scale Physical Model (ESSPM) is a soon-to-be-
built distorted-scale model of the lower ~140 miles of the Mississippi River and will be used to 
study effects of different sediment diversion and flood control scenarios. One of the ESSPM 
limitations is the inability to simulate subsidence in the model (i.e. to physically lower sections 
of the physical model). This is particularly important in the lowermost part of this deltaic river 
since the subsidence rates have been measured to be on the order of 10’s of millimeters per year. 
 Numerical modeling can serve as a complement to physical modeling in that it can give 
quantitative insights into complex flow and transport processes. 1-D numerical modeling can 
simulate steady and unsteady state flow over a range of time scales. 2- and 3-D numerical 
modeling can give more accurate detail of hydrodynamic and sediment transport phenomena, but 
require more extensive data and take longer to run computationally. Numerical modeling of the 
Mississippi River can help determine the impacts of physical model limitations (Sutherland & 
Barfuss, 2011). 
1.1.  Objectives 
The main objectives of this thesis are to develop and apply 1-D and 2-D models of the 
lowermost Mississippi River, at the prototype and ESSPM scales, in different scenarios in order 
to: (1) quantitatively determine the effectiveness of modeling hydrodynamics and sediment 
transport parameters in the lower Mississippi River under only ESSPM eustatic sea level rise 
(representing both future eustatic SLR and subsidence as a single process) compared to 
accounting for future eustatic sea level rise and subsidence separately, and (2) perform a 
preliminary comparison between the 1- and 2-D hydraulics and sediment transport results. 
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1.2.  Summary of Approach 
HEC-RAS 5.0.3 was chosen to model the Mississippi River from Baton Rouge to Gulf of 
Mexico in both 1-D and 2-D. Cross-sectional data was taken from 2003-2004 Hydrographic 
Survey for the main channel and passes. Several diversions, spillways, and passes were 
researched and incorporated into the model. The model was calibrated for 2009 by adjusting 
Manning’s roughness, flow roughness factors, and seasonal roughness factors at prototype scale. 
After validation for 2010, the model was simulated for different scenarios of subsidence and 
eustatic sea level rise, and compared to simulating the scenarios as all eustatic sea level rise. The 
prototype geometry was then distorted to the ESSPM scale (i.e. the vertical axis was scaled 
1:400 and the horizontal was scaled 1:6000) and after calibration and validation to the scaled 
river stages, the model was used to simulate the same five scenarios at ESSPM scale. Finally, the 
prototype geometry was then interpolated to create a 2-D 150 ft x 150 ft mesh that is calibrated 
and validated to the prototype river stages. The model simulated the five scenarios to compare 
with the 1-D model. 
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CHAPTER 2. LITERATURE REVIEW 
2.1.  Relative Sea Level Rise 
Relative sea level rise (RSLR) refers to the local sea level rise in coastal areas, due to both 
eustatic and isostatic changes in sea level. Eustatic sea level is the average of sea elevation and is 
due to an increase in the volume of seawater by thermal expansion and freshwater influx. 
Thermal expansion is a response to increased temperature, while freshwater influx is from runoff 
and melting glacier ice.  Isostatic sea level is a result of a change in the elevation of land, 
including subsidence, uplift, erosion of coastal shorelines and marshes, and other natural cycles.   
Louisiana’s RSLR is due to eustatic SLR and subsidence, as shown in Figure 1. Louisiana’s 
dynamic coast is sensitive to the rising sea level because of increased exposure to saltwater 
intrusion in marshes, flooding, storm surge, and shoreline erosion (Demarco et al., 2012).  
 
Figure 1: Relative sea level rise in Louisiana due to subsidence and eustatic sea level rise 
 Estimating future eustatic SLR is difficult due to the uncertainty of how much 
temperature will affect glaciers and ice sheets. (Demarco et al., 2012).  The current rate of global 
eustatic SLR is about 1.7 mm/year (USACE, 2014), but there is a variation in local SLR across 
the Gulf of Mexico. These values are shown in Figure 2. 
 
Figure 2: Variations of SLR rates (mm/year) in the Gulf of Mexico along Louisiana’s coast 
(Demarco et al., 2012) 
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Subsidence is defined as the local factors that contribute to the lowering of land 
elevation, including sediment compaction, local tectonic activity, and withdrawal of oil, gas, and 
water (Lane, Day, Jr., & Day, 2006). Subsidence contributes to relative sea level rise and allows 
salt water to flood marshes and shorelines, leading to the loss of the Louisiana’s coastal barrier. 
Because there are a number of local independent factors that contribute to subsidence, the rates 
vary across Louisiana’s coast. A map of the projected subsidence values is shown in Figure 3. 
 
Figure 3: Projected subsidence rates in coastal Louisiana from Louisiana CPRA Master Plan 
2012 (Demarco et al., 2012) 
According to CPRA LACES, Head of Passes, near the mouth of the Mississippi River, has an 
average SLR rate of 3.594 mm/year and a subsidence rate of 15-35 mm/year (Demarco et al., 
2012). The average rate of SLR was determined by averaging the 5 points surrounding the mouth 
of the Mississippi River. Assuming that subsidence is 15 mm/year in addition to 3.594 mm/year 
SLR, Head of Passes currently has about 19 mm/year of RSLR (i.e. eustatic SLR to subsidence 
ratio of about 1:4). To confirm these estimates, Grand Isle is reported to have a sea level trend of 
about 9.03 +/- 0.46 mm/year based on historical data, according to NOAA (NOAA, 2013). If we 
assume that Grand Isle has roughly about 3.4 mm/year eustatic SLR and 6 mm/year subsidence 
based on Figures 2 and 3, this is roughly 9.4 mm/year RSLR. This is equivalent to NOAA’s 
report value. 
 The rate of eustatic SLR is increasing very rapidly in southeast Louisiana. The United 
States Army Corps of Engineers (USACE), along with NOAA National Ocean Service and the 
US Geological Survey, calculated eustatic sea level change with three scenarios of low, 
intermediate, and high changes. The USACE low, intermediate, and high eustatic sea level 
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changes are based on modified curves (USACE, 2014). Using this information, new trends were 
calculated using the same method at Head of Passes. Eustatic sea level change is determined by 
𝐸(𝑡) = 𝑎𝑡 + 𝑏𝑡2     (1) 
 
Where: 
E(t) = Eustatic sea level change at time, t 
a = Current sea level rise 
b = Acceleration factor 
t = Time in years 
 
The procedure from CPRA LACES Technical Report is used in this work to estimate 
future eustatic SLR in the Gulf of Mexico in the vicinity of Head of Passes. Equation 1 is used 
with sea level predictions starting in 1986, where eustatic sea level is 0 meters, to properly define 
the acceleration constant, b. It is assumed that Gulf SLR will be 1 meter by 2100 as the most 
heavily-weight alternative. To account for variability, the bounding range of 0.5-1.5 meters is 
also considered. Therefore, the three scenarios of low, intermediate, and high acceleration of 
SLR will result in 0.5, 1.0, and 1.5 meters as the eustatic SLR in the year 2100 (t=114 years). 
According to Figure 2, a local SLR average of 0.003594 meters/year will represent the current 
SLR at Head of Passes (i.e. a = 0.003594 meters/year). The acceleration factors, b, calculated for 
low, medium, and high acceleration rates are 0.00000695, 0.0000545, and 0.0000839 
meters/year2, respectively. Using these equations in Equation 1 provides the future rates of 
eustatic sea level rise for the next 100 years in the Gulf of Mexico near Head of Passes (Figure 
4). 
 
 
 
Figure 4: Estimated eustatic sea level change projections (in meters) at Gulf of Mexico in the 
vicinity of Head of Passes 
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The RSLR can then be calculated by adding subsidence to Equation 1 
𝑅(𝑡) = 𝐸(𝑡) + 𝑆 = 𝑎𝑡 + 𝑏𝑡2 + 𝑆      (2) 
Where S is the subsidence rate, measured as positive downward. 
Four locations were chosen along the Mississippi River: Head of Passes (river mile 0), 
West Point a La Hache (river mile 50), New Orleans (around river mile 100) and Baton Rouge 
(river mile 228). Del Britsch of USACE New Orleans District Office developed a map of 
predicted subsidence rates per 100 years, shown in Figure 5.  
 
Figure 5: Map of subsidence rates in feet over the next 100 years developed by Del Britsch of 
USACE New Orleans District Office 
The subsidence rates for Head of Passes, river mile 50, New Orleans, and Baton Rouge are 15 
mm/year, 6-12 mm/year, 1.5 mm/year and 0 mm/year. In this figure, Baton Rouge is predicted to 
have the same subsidence rate as New Orleans. However, we can assume it will be 0 mm/year 
based on Figure 3. A rate of 8.5 mm/year is assumed for river mile 50, because it is very close to 
the mid-point of the subsidence range and provides a linear slope for estimating the subsidence 
between New Orleans and Head of Passes. The medium acceleration rate is assumed as the most 
heavily-weighted alternative and combined with the recommended rates of subsidence at each 
location to calculate RSLR, shown in Figures 6, 7, and 8. Using these figures, a value of RSLR 
can be chosen along with the equivalent ratios of eustatic SLR in the Gulf of Mexico and 
subsidence at that location. These future ratios of subsidence to eustatic SLR will be used in the 
proposed simulations. 
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Figure 6: Predicted rates of subsidence, eustatic SLR, and RSLR for the next 100 years at Head 
of Passes using the method detailed in CPRA LACES Technical Report 
 
 
Figure 7: Predicted rates of subsidence, eustatic SLR, and RSLR for the next 100 years at river 
mile 50 using the method detailed in CPRA LACES Technical Report 
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Figure 8: Predicted rates of subsidence, eustatic SLR, and RSLR for the next 100 years at 
Carrollton using the method detailed in CPRA LACES Technical Report 
There have been several studies on the effects of RSLR on the Mississippi River. 
(Karadogan, Willson, & Berger, Numerical Modeling of the Lower Mississippi River - Influence 
of Forcings on Flow Distribution and Impact of Sea Level Rise on the System, 2009) modeled 
the lower Mississippi River using USACE Adaptive Hydraulics Model (ADH) in 2009 to 
analyze the effect of sea level rise on hydrodynamics. Steady-state simulation results of stage 
and flow distribution were compared with existing observations. The 2-D model results show 
that sea level rise has a greater impact on the lower portion of the river at lower flow rates.  It 
was concluded that hydrodynamic and sediment transport patterns within the river could be 
altered near the Gulf of Mexico. 
 (Davis, 2010) developed in 1-D HEC-RAS model to examine impacts of freshwater 
diversions on discharge and stage, potential sediment transport, and distributary closures in 2010. 
The model was from Tarbert’s Landing to the Gulf of Mexico. It was calibrated using a 2009 
discharge hydrograph and showed that the lower Mississippi River has a lower capacity for 
sediment transport with increasing RSLR, but it is less prominent upstream. This was concluded 
based on theoretical behavior and no sediment transport was modeled. 
2.2.  Numerical Modeling 
 Computational modeling is the use of mathematics, algorithms, and computer science to 
analyze and understand complex systems.  Computers are now more reliable, powerful, and 
affordable, making them more practical to use for complex problems. Modeling now has a 
crucial role in the development of understanding, being the analytic tool to connect theory and 
data. The advantage of computational modeling is the ability to represent complex environments 
and predict future outcomes (Taber & Timpone, 1996).   Data can be extracted at any point in 
time and computational models do not have scale effects like physical models. However, 
numerical modeling is often constrained by time when modeling large spatial domains. Using 
physical and numerical modeling together combines qualitative and quantitative research for a 
more accurate representation (Sutherland & Barfuss, 2011).  
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 The dimensionality in hydraulic numerical models can yield different results because of 
the assumptions involved in their development. One-dimensional models are width- and depth-
averaged and can give values for single points along a channel. These require the least amount of 
computational time, but are not as accurate as 2-D and 3-D models. Two-dimensional models are 
depth-averaged and can give values along and across the channel. These models can capture 
sinuous effects of channels. Three-dimensional models can give values at any spatial point in the 
model and captures turbulence. It is the most accurate but requires the most computational time. 
2.3.  Physical Modeling 
Hydraulic modeling uses physical modeling to replicate flow and fluid transport processes in 
complex, natural systems. A physical model is a scaled representation of a prototype and requires 
theoretical guidance from basic principles and theory of similarity (Chanson, 1999). Moveable 
bed models include flow and sediment transport in erodible channels, such as rivers, streams, 
canals, coastal zones, or estuaries. Flow over a loose boundary, such as an alluvial channel bed, 
focuses on simulating any or combinations of the following processes, listed by (Ettema, Arndt, 
Roberts, & Wahl, 2000): 
1. Flow over a loose planar bed 
2. Flow with bed forms 
3. Rates of sediment transport (bedload and suspended loads) 
4. Local patterns of flow and sediment movement in the vicinity of hydraulic structures 
Channel behavior is closely studied because hydraulic structures can significantly impact 
sediment transport processes. It is critical that the particle motion and behavior is accurately 
simulated in order to correctly identify potential impacts. The degree to which a physical model 
can replicate sediment transport processes depends on similarity (Ettema, Arndt, Roberts, & 
Wahl, 2000).  
Physical model similarities include geometric, dynamic, and sedimentation scales. Geometric 
scaling alters the physical dimensions of a model in one or more planes. Dynamic scales are used 
to replicate flow parameters such as discharge, velocity, and Reynold’s number. Sedimentation 
scales govern sediment parameters such as sediment diameter, insipient motion, and deposition 
rates.  
Strict geometric similitude involves the ratio geometric scales of the model to the prototype 
and states that the length scales must be equal.  The length ratio is 
𝐿𝑟 =
𝐿𝑝
𝐿𝑚
     (3) 
Where: 
L = Length 
r, p, m subscripts = Ratio, Prototype, and Model, respectively 
 
Kinematic similitude encompasses all processes of fluid flow, including velocity and 
acceleration. Dynamic scaling involves all of the forces due to friction, surface tension, pressure, 
gravity, inertia, etc (Ettema, Arndt, Roberts, & Wahl, 2000). For open channels, flow is governed 
by inertial and gravitational forces, or the Froude Number. This must be maintained in physical 
models and is equal to 1. The Froude scale is 
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𝐸(𝐹𝑟) =
𝐹𝑟𝑚
𝐹𝑟𝑝
=
(
𝑈𝑚
√𝑔𝐿𝑚
)
(
𝑈𝑝
√𝑔𝐿𝑝
)
= 1      (4) 
Where: 
U = Velocity 
L = Length scale 
 
The model fluid, water, can limit the processes in the physical model because of viscosity and 
surface tension. The scaling affects behavior of flow and velocity. 
 Reynold’s number governs flow regimes and is the ratio of viscous forces to inertial 
forces. Reynold’s similarity of 1 is impossible to achieve while Froude similarity, but is still used 
to achieve necessary flow. Reynold’s number is 
𝑅𝑒 =
4𝑅𝐻𝑈
𝑣
      (5) 
Where: 
RH = Hydraulic radius 
U = velocity 
v = kinematic viscosity 
 
Distorted scaling is when the horizontal and vertical scales are not equal. This is usually 
necessary for moveable-bed models to ensure flow and sediment transport patterns can behave as 
closely as possible to the prototype. Geometric and flow distortions are used to overcome 
similitude limitations. The advantages of vertical distortion are: 
 Cost due to smaller area 
 Increased model Reynold’s numbers 
 Increased accuracy of flow-velocity and depth model measurements 
This also means that other scales must also consider the distortion because of the impacts on 
physical processes, shown in Figure 9. Distorted scale modeling can affect geometric scales 
(vertical, particle, slope), densimetric scales (density, fall velocity), flow (velocity), time, and 
sediment transport rate. Careful consideration must be given to distortion because 2- and 3-D 
flow patterns and pressure distributions are also distorted because of the change in geometric 
scales (Ettema, Arndt, Roberts, & Wahl, 2000). 
2.4.  ESSPM Scaling and Similitude 
The Expanded Small-scale Physical Model (ESSPM) is a larger version of the 2008 
Small-scale Physical Model (SSPM), LSU’s first distorted physical model. The ESSPM is a 
moveable bed physical model to qualitatively and semi-quantitatively investigate Mississippi 
River hydraulics and sediment transport. The physical model will be distorted by a factor of 15 
with 1:6,000 horizontal and 1:400 vertical scales and will replicate the river from Donaldsonville 
to the Gulf of Mexico (approximately 195 miles) and include many landmarks next to the river. 
Artificial sediment is designed to be lightweight and slightly larger than Mississippi River 
sediment to replicate the same behavior in the distorted model. The ESSPM will be used to test 
impacts of different scenarios, such as sediment and freshwater diversions. This model is funded 
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by the Coastal Protection and Restoration Agency (CPRA) and will be located at Baton the 
Rouge Water Campus. 
  
 
Figure 9: Vertical distortion effects on flow patterns (Ettema, Arndt, Roberts, & Wahl, 2000) 
One of the limitations of physical modeling is the inability to model some of the dynamic 
processes. RSLR in coastal Louisiana includes the combination eustatic SLR and subsidence. 
While modeling eustatic SLR is completed by simply increasing stage downstream, it is near 
impossible to simply model a subsiding basin in the physical model.  In order to represent both 
processes, the plan is to increase the downstream boundary conditions (i.e. Gulf of Mexico) at a 
rate, D, equal to the RSLR instead of just eustatic SLR, as shown in Figure 10. 
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Figure 10: Relative sea level rise (left), which is the combination of eustatic sea level rise and 
subsidence, is equal to ESSPM sea level rise (right) 
The ESSPM was developed based on Froude number scaling. Open channel flow is governed 
by the balance of inertial and external (gravitational) forces, evaluated by the Froude number, 
while the Reynold’s number governs flow regimes and is the ratio of viscous forces to inertial 
forces. These equations are discussed in section 2.3. Turbulent flow conditions must be 
maintained in ESSPM to produce prototype sediment transport conditions (400,000 cfs to 
1,200,000 cfs). Reynold’s number similarity of 1 is impossible to achieve while maintaining 
Froude similarity.  
2.4.1.  Geometric Scale 
The geometric scales were chosen based on Froude similarity while maintaining turbulent 
Reynold’s numbers. Table 1 contains the chosen geometric scales and Reynold’s numbers for a 
distortion of 15. Table 2 lists the remaining geometric variables and derivations based off the 
horizontal (L) and vertical (H) scales (Hartman, 2015). 
Table 1: Model Reynold’s numbers for the selected ESSPM distortion scale of 15 (P=Prototype, 
M=Model) (Hartman, 2015) 
 
Discharge (cfs) P (ft) E(H) E(L) Distortion Rep ReM 
400,000  3500 400 6000 15 4.57E+08 3774 
1,350,000 3500 400 6000 15 1.54E+09 12736 
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Table 2: Model scales and derivations for the selected ESSPM distortion scale of 15 (Hartman, 
2015) 
Scale Function Derivation 
Length E(L) 𝐿𝑀
𝐿𝑃
=
1
6000
 
Height E(H) 𝐻𝑀
𝐻𝑃
=
1
400
 
Distortion ∆   𝐸(𝐻)
𝐸(𝐿)
= 15 
Area E(A) 
𝐸(𝐻) ∗ 𝐸(𝐿) =
1
2,400,000
 
Bank Slope 𝑆𝑓  L/H = 15 
Bank Slope Factor E(f) 1
∆
=
1
15
 
 
2.4.2.  Dynamic Scale 
Dynamic scaling is accomplished by deriving Equation 4. If we assume height is the 
characteristic length scale, the equation becomes 
(𝐹𝑟) =
𝐹𝑟𝑀
𝐹𝑟𝑃
=
𝑈𝑀
√𝑔𝐻𝑀
𝑈𝑝
√𝑔𝐻𝑃
= 1    (6) 
which becomes 
𝑈𝑀
𝑈𝑃
√
𝐻𝑃
𝐻𝑀
= 1     (7) 
The velocities can then be solved as  
𝐸(𝑈) =
𝑈𝑀
𝑈𝑃
= √
𝐻𝑃
𝐻𝑀
= 𝐸(𝐻)
1
2 =
1
20
   (8) 
This means that 1 unit velocity in the model is equivalent to 20 units velocity in the prototype. A 
discharge scale factor is derived through using velocity and area scale factors into the equation: 
Discharge = Velocity x Area. 
𝐸(𝑄) = 𝐸(𝑈)𝑥𝐸(𝐴) =  𝐸(𝐻)
3
2  𝐸(𝐿) =
1
48,000,000
   (9) 
This is interpreted as 1 unit of discharge in the model is equivalent to 48,000,000 units of 
discharge in the prototype. The hydraulic time scale, E(T), is derived by solving for time in the 
equation: Time = Distance/Velocity. 
𝐸(𝑇) =  
𝐸(𝐿)
𝐸(𝐻)
1
2
=
1
6000
√
1
400
=
1
300
    (10) 
14 
 
This means that 1 unit of time in the model is 300 units of time in the prototype. A single year 
could be modeled in 1.2 days, or 1 day can be modeled in 4.8 minutes (Hartman, 2015) 
(Waldron, 2008). 
2.4.3.  Sediment Material Scale 
 
The sediment material is scaled so that the material with move in the same manner in the 
model as it does in the prototype. It is assumed that insipient motion and resuspension of the 
sediment occur in the same manner for both prototype and model. In order to do so, Shield’s 
number and particle Reynold’s number is assumed in the following equations. 
𝐸(𝜃) = 𝐸 (
𝜌𝑢∗
2
𝑔∆𝜌𝑑
) = 1     (11) 
𝐸(𝑅𝑒∗) = 𝐸 (
𝑢∗𝑑
𝑣
) = 1    (12) 
  
These equations are maintained for sediment diameter and density. 
𝐸(𝜃) = 𝐸 (
𝜌𝑢∗
2
𝑔∆𝜌𝑑
) =
𝑢∗𝑀
2 𝛿𝑑𝑃
𝑢∗𝑃
2 𝛿𝑑𝑀
=
𝐸(𝑈∗)
2
𝐸(∆𝜌)𝐸(𝑑)
= 1    (13) 
𝐸(𝑅𝑒∗) = 1 = 𝐸 (
𝑈∗𝑑
𝑣
) =
𝑈∗𝑀𝑑𝑀
𝑈∗𝑃𝑑𝑃
= 𝐸(𝑈∗)𝐸(𝑑) = 1   (14) 
When Equations 13 and 14 are combined, the final relationship is derived (Waldron, 2008). 
𝐸(𝜌𝑠 − 𝜌) ∗ 𝐸(𝐷)
3 = 1    (15) 
Sediment material scale factors can be developed by rearranging the mobility and sediment 
particle Reynold’s number equations. The model sediment will be a synthetic plastic with a 
specific gravity of 1.05. The density scale factor E(𝜌𝑠) can then be found as  
𝐸(𝜌𝑠) =
𝜌𝑠𝑀
𝜌𝑠𝑃
=
1050
2650
=
1
2.5
    (16) 
The dry density scale factor, 𝐸(𝜌𝑠 − 𝜌), can be written as 
𝐸(𝜌𝑠 − 𝜌) =
(𝜌𝑠𝑀−𝜌)
(𝜌𝑠𝑃−𝜌)
=
1
33
    (17) 
From Equation 15, a sediment diameter scale factor can be derived. 
𝐸(𝐷) = (
1
𝐸(∆𝜌
)
1
3
= 3.2    (18) 
This is interpreted as model sediment diameters are 3.2 times larger prototype sediment 
diameter. The mass scale factor, E(P), is derived from Mass = Density x Volume and is given by 
𝐸(𝑃) = 𝐸(𝜌𝑠) ∗ 𝐸(𝛺) = (
1
2.5
) 𝑥 (
1
1,44𝑥1010
) =
1
3.6𝑥1010
  (19) 
The sediment time scale is the ratio of times in the prototype and model to build the same 
morphological feature out of sediment but is not the same as the hydraulic time scale. The 
ESSPM will use synthetic sand to simulate sand transport of particles between 62 and 300 µm, 
which is approximately 20-25% of the sediment load. The sediment time scale factor, E(ts), is  
𝐸(𝑡𝑠) = 𝐸(𝑇) ∗ 𝐸(𝜌𝑠 − 𝜌) = 0.0001    (20) 
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The sediment time scale is 0.0001, which means that one year in the prototype is 52.56 minutes 
of model time. The sediment load in the Mississippi River is around 20,000,000 tons per water 
year. Scaling the sand load will determine the amount of synthetic model material that will need 
to be added each sediment year. The mass, PM, required in the model is 
𝑃𝑀 = 𝑃𝑃 ∗ 𝐸(𝑃) = 20,000,000𝑥
1000
3.6𝑥1010
= 0.555 𝑘𝑔   (21) 
This means that the ESSPM will need 555 grams of sediment every 53 minutes to simulate one 
year in the prototype (Hartman, 2015). 
 
2.4.4.  Roughness Scale 
 
Friction loss is evaluated using the representative friction slope for a reach. The friction 
slope is also known as the slope of the energy gradeline at each cross section. The ratio between 
model and prototype friction slopes is used to determine energy loss from friction or expansions 
or contractions. It is computed from the Manning’s equation as shown below.  
𝑆𝑓 = (
𝑄
𝐾
)2     (22) 
Where: 
Q = flow 
K = channel conveyance 
The channel conveyance is calculated as 
𝐾 =
𝐴𝑅2/3
𝑛
     (23) 
Where: 
A = area 
R = hydraulic radiu 
N = Manning’s roughness coefficient 
 
Equations 22 and 23 can then be rearranged to find the ratio of model to prototype roughness. 
𝐸(𝑛) =
𝑅ℎ
2
3√𝑆𝑓
𝑈
=
(
1
646
)2/3√15
1/20
= 1.04    (24)  
According to the above equation, the roughness for ESSPM is 1.04 times that of the prototype 
(Hartman, 2015).  
 
2.4.5.  Summary 
A summary of all ratios at each distortion is found in Table 3. It includes all geometric 
and dynamics scaling ratios for prototype, distortions of 1, and distortion of 15 (ESSPM). 
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Table 3: Summary of ratios at each distortion relative to the prototype Mississippi River 
Scale Function Prototype D1 D15 
Length E(L) 1 1/400 1/6000 
Height E(H) 1 1/400 1/400 
Distortion ∆   1 1 15 
Area E(A) 1 1/160,000 1/2,400,000 
Bank Slope Factor E(f) 1 1 1/15 
Froude's number E(Fr) 1 1 1 
Velocity E(U) 1 1/20 1/20 
Discharge E(Q) 1 1/3,200,000 1/48,000,000 
Hydraulic Radius E(𝑅ℎ) 1 1/400 1/646 
Hydraulic Time E(T) 1 1/20 1/300 
Roughness E(n) 1 0.368 1.036 
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CHAPTER 3. METHODOLOGY 
3.1.  HEC-RAS 
 Hydrologic Engineering Center’s River Analysis System (HEC-RAS) version 5.0.3 used 
for this thesis. HEC-RAS was developed by the US Army Corps of Engineers and is used to 
perform steady flow, unsteady flow, sediment transport, and water quality analyses using a 
graphical user interface (US Army Corps of Engineers, 2010). HEC-RAS 5.0.3 can perform 1- 
and 2-dimensional analysis along with combined 1-D and 2D modeling. 
3.1.1.  Governing Equations 
 1-D Steady Flow  
This component models subcritical, supercritical, and mixed flow regime water surface 
profiles.   It calculates water surface profiles of gradually varied flow between two cross sections 
using the Energy equation 
𝑌2 +
𝑎2𝑉2
2
2𝑔
+ 𝑍2 = 𝑌1 +
𝑎1𝑉1
2
2𝑔
+𝑍1 + ℎ𝑒           (25) 
Where:  
Y1, Y2 = depth of water at cross sections 
a = velocity weighting coefficients 
V1, V2 = average velocities (total discharge/total flow area) 
g = gravitational acceleration 
Z1, Z2 = elevation of channel inverts 
he = energy head loss 
 
The energy head loss includes friction losses and contraction/expansion losses, and is calculated 
using 
ℎ𝑒 = 𝐿𝑆?̅? + 𝐶 |
𝑎2𝑉2
2
2𝑔
−
𝑎2𝑉2
2
2𝑔
|                                          (26) 
Where: 
L = discharge weighted reach length 
Sf̅ = representative friction slope between two sections 
C = contraction or expansion coefficient 
 
Contraction is assumed if the velocity head downstream is greater than the velocity head 
upstream. If the velocity head downstream is less than the velocity head upstream, expansion 
will be assumed. The discharge weighted reach length is calculated by 
𝐿 =
𝐿𝑙𝑜𝑏𝑄𝑙𝑜𝑏̅̅ ̅̅ ̅̅ ̅+𝐿𝑐ℎ𝑄𝑐ℎ̅̅ ̅̅ ̅+𝐿𝑟𝑜𝑏𝑄𝑟𝑜𝑏̅̅ ̅̅ ̅̅ ̅
𝑄𝑙𝑜𝑏̅̅ ̅̅ ̅̅ ̅+𝑄𝑐ℎ̅̅ ̅̅ ̅+𝑄𝑟𝑜𝑏̅̅ ̅̅ ̅̅ ̅
     (27) 
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Where:  
 Llob, Lch, Lrob = cross section reach lengths in the left overbank, channel, and right 
overbank, respectively, specified for flow 
Qlob̅̅ ̅̅ ̅̅ , Qch̅̅ ̅̅ ̅, Qrob̅̅ ̅̅ ̅̅  = arithmetic average of the flows between sections for the left overbank, 
channel, and right overbank, respectively 
 
The slope of the energy grade line, or friction slope, is computed between the two cross sections 
as 
𝑆?̅? = (
𝑄1+𝑄2
𝐾1+𝐾2
)
2
      (28) 
and 
𝐾 =
1.486
𝑛
𝐴𝑅
2
3      (29) 
Where: 
n = Manning’s roughness coefficient 
A = flow area 
R = hydraulic radius (area/wetted perimeter) 
Any time there is rapidly varying flow, where there is a transition from subcritical to 
supercritical or supercritical to subcritical, the energy equation does not apply. The momentum 
equation is applied in these situations. 
 1-D Unsteady Flow 
 The principle of conservation of mass (or continuity) and the principle of conservation of 
momentum are the physical laws that govern the stream flow. HEC-RAS uses these two 
equations to solve for unsteady flow. These two equations are also known as the St. Venant 
equations. There are multiple ways of solving these equations, but HEC-RAS uses derivations 
developed by James A. Liggett (US Army Corps of Engineers, 2010). 
Unsteady flow is governed by the conservation of mass and conservation of momentum 
and is used for rapidly varying flow situations, such as change in geometry, significant changes 
in slope, and control structures. Conservation of mass for a control volume states that net flow 
entering the control volume is equal to the rate of change of storage. The rate of control volume 
inflow is  
𝑄 −
𝜕𝑄
𝜕𝑥
∆𝑥
2
     (30) 
while the rate of outflow is 
𝑄 +
𝜕𝑄
𝜕𝑥
∆𝑥
2
     (31) 
and the rate of storage change is 
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𝜕𝐴𝑡
𝜕𝑡
∆𝑥      (32) 
Therefore, the change in in mass in the control volume is 
𝜌
𝜕𝐴𝑡
𝜕𝑡
∆𝑥 = 𝜌 [(𝑄 −
𝜕𝑄
𝜕𝑥
∆𝑥
2
) − (𝑄 +
𝜕𝑄
𝜕𝑥
∆𝑥
2
) + 𝑄𝑙]   (33) 
Where Ql is the lateral flow entering the control volume and ρ is the fluid density, assumed 
constant. The simplified continuity equation, by dividing by ρ∆x is  
𝜕𝐴𝑡
𝜕𝑡
+
𝜕𝑄
𝜕𝑥
= 𝑞1      (34) 
Where: 
A = cross sectional area 
Q = flow through cross section 
t = time 
x = distance 
ql = lateral inflow per unit distance 
ρ = density of fluid 
 
The general momentum equation, or Newton’s second law, states that the sum of external forces 
acting on the system plus the momentum influx determines the rate of accumulation in 
momentum. The external forces considered are pressure, gravity, and friction (or boundary drag). 
Newton’s second law is written as 
∑𝐹𝑥 =
𝑑?⃑⃑? 
𝑑𝑡
     (35) 
Pressure distribution is assumed to be hydrostatic and varies linearly with depth. The total 
pressure is the integral of the pressure-area product over the cross section. If the pressure force, 
Fp, is in the x-direction at the midpoint of the control volume, then the sum of the pressure forces 
for the control volume may be written as 
𝐹𝑝𝑛 = |𝐹𝑝 −
𝜕𝐹𝑝
𝜕𝑥
∆𝑥
2
| − |𝐹𝑝 +
𝜕𝐹𝑝
𝜕𝑥
∆𝑥
2
| + 𝐹𝐵   (36) 
Where  
Fpn = net pressure force for the control volume 
FB = force exerted by the banks in the x-direction of the fluid 
 
And can be simplified to 
 
𝐹𝑝𝑛 = −
𝜕𝐹𝑝
𝜕𝑥
∆𝑥 + 𝐹𝐵     (37) 
After integrating the pressure-area product, the net pressure force is  
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𝐹𝑝𝑛 = −𝜌𝑔𝐴
𝜕ℎ
𝜕𝑥
∆𝑥     (38) 
The gravitational force on the fluid in the control volume in the x-direction is  
𝐹𝑔 = −𝜌𝑔𝐴
𝜕𝑧0
𝜕𝑥
∆𝑥     (39) 
The boundary drag force is  
𝐹𝑓 = −𝜌𝑔𝐴𝑆𝑓∆𝑥     (40) 
 
Extending the Equation 35 to incorporate pressure, gravity, and momentum gives an equation 
that represents the momentum flux entering the volume plus the sum of all external forces acting 
on the volume is equal to the rate of accumulation of momentum. 
𝜌
𝜕𝑄
𝜕𝑡
∆𝑥 = −𝜌
𝜕𝑄𝑉
𝜕𝑥
∆𝑥 − 𝜌𝑔𝐴
𝜕ℎ
𝜕𝑥
∆𝑥 − 𝜌𝑔𝐴
𝜕𝑧𝑜
𝜕𝑥
∆𝑥 − 𝜌𝑔𝐴𝑆𝑓∆𝑥 (41) 
Then dividing by ρ∆x and simplifying concludes with  
𝜕𝑄
𝜕𝑡
+
𝜕(𝑄𝑉)
𝜕𝑥
+ 𝑔𝐴(
𝜕𝑧
𝜕𝑥
+ 𝑆𝑓) = 0   (42) 
Where: 
ρ = density of fluid 
Q = flow through control volume 
V = velocity 
g = gravitational acceleration 
A = cross sectional area 
h = depth 
∂z
∂x
 = water surface slope 
Sf = friction slope 
t = time 
x = distance 
 
The variable, z, is the water surface elevation and is defined as z = zo + h, where zo is the bed 
elevation and h is the depth. Depth, velocity, and bed shear stress are the three parameters 
compared in this document. Depth and velocity are defined above. Bed shear stress is  
𝜏 = 𝜌𝑔𝑅𝑆 
Where: 
𝜏 = bed shear stress 
ρ = density of fluid 
g = gravitational acceleration 
R = hydraulic radius 
S = energy grade line slope 
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These equations are solved using the finite difference scheme.  
 When the results are displayed in RAS-Mapper, the map spatially distributes the chosen 
variable across the channel, similar to a 2-D model. This is calculated by separating by the main 
channel into subsections and applying the continuity and momentum equations. 
 2-D Unsteady Flow 
The Navier-Stokes equations describe the motion of fluids in three dimensions. A 
simplified set of equations is the Shallow Water (SW) equations used for channel and flood 
modeling. Incompressible flow, uniform density, and hydrostatic pressure are assumed. It is also 
assumed that vertical length scale is smaller than horizontal length scale. The result is a small 
vertical velocity and hydrostatic pressure, leading to the differential form of the SW equations.  
Assuming that the flow is incompressible, the unsteady differential form of the continuity 
equation is 
𝜕𝐻
𝜕𝑡
+
𝜕(ℎ𝑢)
𝜕𝑥
+
𝜕(ℎ𝑣)
𝜕𝑦
+ 𝑞 = 0    (43) 
Where: 
H = water surface elevation 
h = depth 
t = time 
u, v = velocity components in the x- and y-direction, respectively 
q = source/sink flux term 
 
The following figure displays the variables with respect to a theoretical channel (Figure 11). 
 
Figure 11: Channel representation of depth (h), water surface elevation (H), and bottom surface 
elevation (z)  (US Army Corps of Engineers, 2010) 
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 When the horizontal length scale is much larger than the vertical length scale, volume 
conservation implies that vertical velocity is small. Vertical velocity and vertical derivative terms 
can therefore be neglected in both mass and momentum, and the SW equations are obtained. 
𝜕𝑢
𝜕𝑡
+ 𝑢
𝜕𝑢
𝜕𝑥
+ 𝑣
𝜕𝑢
𝜕𝑦
= −𝑔
𝜕𝐻
𝜕𝑥
+ 𝑣𝑡 (
𝜕2𝑢
𝜕𝑥2
+
𝜕2𝑢
𝜕𝑦2
) − 𝑐𝑓𝑢 + 𝑓𝑣 
𝜕𝑣
𝜕𝑡
+ 𝑢
𝜕𝑣
𝜕𝑦
+ 𝑣
𝜕𝑣
𝜕𝑦
= −𝑔
𝜕𝐻
𝜕𝑦
+ 𝑣𝑡 (
𝜕2𝑣
𝜕𝑥2
+
𝜕2𝑣
𝜕𝑦2
) − 𝑐𝑓𝑣 + 𝑓𝑢  (44) 
 
Where: 
g = gravitational acceleration 
𝑣𝑡 = horizontal eddy viscosity coefficient 
𝑐𝑓 = bottom friction coefficient 
f = Coriolis parameter 
 
The left hand side contains the acceleration germs, while the right hand side represents the 
internal or external forces acting on the fluid. 
 The Diffusion wave form of these equations is useful due to its simplicity, but can only 
be applied to a narrower scope than the general equations. In shallow friction gravity and 
controlled flow, the unsteady, advection, turbulence and Coriolis terms of the momentum 
equation can be disregarded to obtain a simplified version of the momentum equation. 
𝑛2|𝑉|𝑉
(𝑅(𝐻))4/3
= −𝛻𝐻    (45) 
Where: 
n = Manning’s n 
V = velocity vector 
R = hydraulic radius 
∇𝐻 = surface elevation gradient 
 
Direct substitution of Diffusion Wave Equation (Equation 45) in the mass conservation yields 
the classical differential form of the Diffusion Wave Approximation of the Shallow Water 
(DSW) equations 
𝜕𝐻
𝜕𝑡
− 𝛻 ∙ 𝛽𝛻𝐻 + 𝑞 = 0   
 (46) 
Where: 
 𝛽 =
(𝑅(𝐻))5/3
𝑛|𝛻𝐻|1/2
     (47) 
Once the DSW equation has been solved, the velocities can be recovered by substituting the 
water elevation back into the Diffusion Wave equation (Equation 45). 
3.1.2.  1-D Application 
HEC-RAS solves the full, dynamic, 1-D Saint Venant Equation using a finite difference 
scheme. A typical finite difference cell is shown in Figure 12. The channel is divided into 
sections, each with upstream and downstream nodes, j, having a difference of ∆x. These are 
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solved for a chosen period of time in increments called computational time steps, ∆t. The partial 
derivatives of Equations 34 and 42 are nonlinear algebraic equations, which can be relatively 
slow and cause convergence problems. The continuity and momentum equations are solved 
using Preissman’s second order box scheme, which uses an implicit linearized system of 
equations. The simultaneous system of equations generated at each time step are stored with a 
skyline matrix scheme and reduced with a solver developed by Dr. Robert Barkau.  
 
Figure 12: A typical finite difference cell (US Army Corps of Engineers, 2010) 
3.1.3.  2-D Application  
HEC-RAS 5.0.3 solves either the full 2-D Saint-Venant equations or uses the 2-D 
Diffusion Wave equation. Saint-Venant equations are more applicable to a wider range of 
problems such as super elevation around bends, tidal boundary conditions, detailed mixed flow 
regime, wave reflection, dynamic acceleration changes in flow, and abrupt spatial contractions 
and expansions. The Diffusion Wave equation allows for faster run time and greater stability 
with the same accuracy and is used for flow main driven by gravity and friction, monotonic and 
smooth acceleration, quick estimations before a full Saint Venant simulation, and to compute 
rough global estimates (Brunner G. ). Users are able to choose equation sets based on the 
applicability of the model.  
Both equations are solved by a hybrid discretization scheme combining finite differences, 
for approximating orthogonal grids, and finite volume for areas not locally orthogonal. The 
discrete scheme for SW equations uses finite volume approximations to discretize the continuity 
equation. The momentum equation is discretized depending on the term. For DSW equation, 
finite differences are used to discretize time derivatives and hybrid approximations are used to 
discretize spatial derivatives. The finite volume method requires integrating the equations over a 
fixed volume, while everything within the volume is averaged. This volume, also known as a 
cell, is determined by creating a computational mesh over the geometry. The computational cells 
can be triangles, squares, rectangles, and elements up to eight sides. The mesh can be a mixture 
of shapes and sizes. This 2-D analysis can also be coupled with 1-D portions, allowing for a 
combined analysis and using 2-D for only chosen parts of geometry (US Army Corps of 
Engineers, 2010). 
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3.2.  Model Development 
 Proposed Scenarios 
The main objective is to compare the Mississippi River processes under eustatic SLR 
(representing both future eustatic SLR and subsidence, or RSLR) compared to accounting for 
future eustatic sea level rise and subsidence separately. These scenarios were chosen at the 
prototype scale based on the predicted RSLR rates in Figure 6, starting from the year 1986 where 
RSLR is assumed to be 0 ft1. The model was calibrated/validated for 2009/2010, where the 
RSLR is 1.5 ft according to Figure 6. Three future scenarios were chosen for RSLR values of 3 
ft, 4ft, and 5 ft. The predicted year, RSLR, and equivalent values of eustatic SLR and subsidence 
are shown in Table 4. It is important to note that RSLR presented in the table is the combination 
of subsidence and eustatic SLR; therefore, RSLR will be modeled under the complete eustatic 
SLR condition and compared to the model accounting for eustatic SLR and subsidence 
separately.  
 
Table 4: Chosen scenario conditions of RSLR and equivalent conditions of subsidence + eustatic 
SLR at Head of Passes 
Scenario Year Years since 1986 RSLR (ft) Subsidence (ft) Eustatic SLR (ft) 
S0 1986 0 0 0 0 
S1 2009/2010 ~25 1.5 1.1 0.4 
S2 2031 45 3 2.2 0.8 
S3 2043 ~60 4 2.8 1.2 
S4 2056 70 5 3.4 1.6 
 
The conditions were first developed by analyzing the 2009/2010 scenario. The eustatic SLR 
values are in the Gulf of Mexico in the vicinity of Head of Passes, which are different than the 
water level boundary conditions at Southwest Pass. The water level boundary conditions used in 
2009/2010 simulations were adjusted for proposed scenarios based on the change in eustatic 
SLR. A value of 0 ft water level adjustment for 2009/2010 indicates that the water level was not 
adjusted. Negative adjustments denote decreasing water level while positive adjustments denote 
an increasing water level with respect to the 2009/2010 water level. 
 The proposed scenarios were chosen and shown at prototype scale and will be used for 
both 1- and 2-D models. After simulating the prototype, the model was scaled 1:400 for the 
vertical axis and 1:6000 for the horizontal axis to create the ESSPM scale model. This model is 
referenced as the 1-D D15 model to eliminate confusion between the actual physical model and 
the computational model. The D15 scenarios will also be scaled according to Table 3. 
 Geometry 
The ESSPM model domain was determined by BCG Engineers and is shown in Figure 
13. The model area is from Donaldsonville (RM 175) to Head of Passes (RM 0). The data came 
primarily from LiDAR, topographic and bathymetric surveys from USACE, USGS, and NOAA, 
and modeled data points. All data is projected into LA-S, NAD83 coordinate system as the 
horizontal datum and NAVD88 as the vertical datum, with a 10 degree rotation from grid north. 
                                               
1 All data from Figure 6 was converted to feet for application. 
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Figure 13: ESSPM domain including Guinea Pig 
 
The Mississippi River data came from 2004 USACE Hydrographic survey. The main river levees 
were designed using 1973 MRL Project Grade elevations from RM 228.4 to RM 44 and GDM 
MRL Grade for all cross sections below RM 44. Diversions and other features were designed and 
incorporated. The geometry was then scaled 1:6000 horizontally and 1:400 vertically, which is a 
distortion factor of 15. This information came from C & C Technologies, who is responsible for 
routing the ESSPM panels.  
For the purpose of this study, the Mississippi River (MR) is modeled computationally 
similar to the ESSPM. The ESSPM will extend from Donaldsonville (RM 173.6) to Head of 
Passes and includes Baptiste Collette (RM 11.3), Grand Pass (10.4) and Tiger Pass, Main Pass 
(RM 2.95), Southwest Pass (RM 0), South Pass (RM 0), and Pass a Loutré (RM 0). The 
numerical model extends from Baton Rouge (RM 228.4) to Head of Passes (RM 0), and includes 
all of the passes. These cross sections are from the 2004 USACE Hydrographic Survey (USACE 
NOD, 2003-2004). An overview of the domain overlay and passes overlay are included in Figure 
14 and Figure 15.  
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Figure 14: Mississippi river model domain overlay (HEC-RAS); Red represents cross-sectional 
banks stations, and pink represents river levees 
These images were created using Google Terrain in HEC-RAS Map Layers. The levees were 
included in the cross sections, but were edited to fit ESSPM conditions. Levees from RM 228.4 
to RM 44 were set to 1973 MRL Project Grade on both east and west banks of the river. Below 
RM 44, levees are only maintained on the west bank until Venice (RM 10.7). These levees were 
set to GDM MRL Grade (USACE NOD, 2009).  
There are many channels and structures along the Mississippi River that may or may not 
be included in the ESSPM. Each one was examined based on size and the amount of diverted 
flow. If the structure or channel was significant or important, it was included in the 
computational model. The features that are included in the model are Bonnet Carré (RM 128.6), 
Davis Pond Freshwater Diversion (RM 117.95), Caernarvon Freshwater Diversion (RM 81.5), 
Bohemia Spillway (RM 44), Fort St. Philip (RM 20.1), and West Bay Sediment Diversion (RM 
4.9). The West Bay Diversion geometry data is from USACE Engineer Research and Design 
survey (Brown, 2009). The West Bay Diversion in HEC-RAS is shown below in Figure 16, 
which was created with Google Terrain in HEC-RAS Map Layers. The other features were 
modeled as hydraulic structures (See Hydraulic Structures). All junction data is presented in 
Appendix A. All gages used for calibration, validation, and statistical analysis are included in 
Figure 17. 
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Figure 15: Mississippi River passes overlay (HEC-RAS); Red represents cross-sectional bank 
stations, pink represents river levees, and green represents the cross sections. 
 
Figure 16: West Bay Sediment Diversion overlay (HEC-RAS); Red represents cross-sectional 
bank stations, green represents the cross-sections, blue represents the river flow centerline. 
West Bay 
Sediment 
Diversion 
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Figure 17: HEC-RAS Mississippi River gages 
 Hydraulic Structures 
Several MR diversions, spillways, and channels are included as lateral structures in the 
model. Lateral structures were added to take a controlled amount of flow out of the system. 
These structure were included as weirs and gates: 
 Bonnet Carré 
 Davis Pond Diversion 
 Caernarvon Diversion 
 Bohemia Spillway 
 Fort St. Philip 
 
An overview of the structure locations is shown in Figure 18. The Bonnet Carré Spillway 
connects the Mississippi River and Lake Pontchartrain at RM 128.6, and is shown in Figure 19 
using Google Earth.   
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Figure 18: HEC-RAS Structure Overview 
 
Figure 19: Bonnet Carré Spillway overview (Google Earth, 2015) 
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The Bonnet Carré Spillway consists of a weir on the east bank of the MR and a 30,184 ft long 
spillway.  The spillway is operated by mechanically opening bays along the weir during high 
flows (Twilley, 2008). The Bonnet Carré Spillway was modeled as a 7728 ft wide lateral 
structure. This structure has 350 bays that are 20 ft wide each and separated by 2 ft wide spillway 
piers. Bays were modeled as 16 gate groups. Each gate group was modeled a sluice gate and had 
a width of 20 ft. Gates 1-7 and 9-14 had 25 bays, gates 8 and 16 had 1 bay, and gate 15 had 23 
bays. There was a total of 176 bays (#1-8) with a height of 12 ft and sill elevation of 17 ft and 
174 bays (#9-16) with a height of 10 ft and sill elevation of 15 ft. The weir was designed as 7728 
ft long with an elevation of 31 ft to prevent overflow. Figure 20 shows the spillway modeled in 
HEC-RAS. The structures are viewed laterally from the center of the stream across the cross-
sections in the area, represented by vertical black lines with red bank stations, with the black 
portion representing the gates. 
 
 
Figure 20: HEC-RAS Image of the Bonnet Carré Spillway 
 The Davis Pond Freshwater Diversion diverts a significant amount of flow from the MR, 
with an average of approximately 4500 cfs (Draugelis-Dale, 2012). However, it is too small to be 
modeled in the ESSPM. The Davis Pond Diversion is a by a gated structure at RM 118, shown in 
Figure 21. It was represented as a gated, control structure instead of an actual diversion to 
replicate the flow leaving the MR. The 4 sluice gates are 14 ft x 14 ft, with sill elevations of -10 
ft. Pillars in between gates were 3 ft. The total opening was 234 ft with a 356 ft total weir width 
(USACE NOD, 2013). The structure is shown in Figure 22. 
The Caernarvon Freshwater Diversion is located at RM 81.5 with a gated structure 
similar to Davis Pond, as shown in Figure 23. It also diverts significant flow from the MR and 
was represented as a gated, lateral structure. The design flow is 8,000 cfs with an average flow of 
3,000 cfs. It has 5 sluice gates that are 15 ft high and wide separated by 2 ft pillars (Lake 
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Pontchartrain Basin Foundation, 2014). It has a sill invert of -11 ft and weir width of 384 ft. The 
modeled structure is shown in Figure 24. 
 
Figure 21: Davis Pond Freshwater Diversion overview (Google Earth, 2015) 
 
Figure 22: HEC-RAS image of Davis Pond Freshwater Diversion (RM 118) 
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Figure 23: Caernarvon Freshwater Diversion overview (Google Earth, 2015) 
 
Figure 24: HEC-RAS image of Caernarvon Freshwater Diversion (RM 81.5) 
The Bohemia Spillway is a significant spillway located at RM 44 and is 11.8 miles in 
length and 3 miles wide to Breton sound (see Figure 25). The spillway was completed in 1926 
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with the removal of the east bank artificial levees. It is natural levee that acts as an overflow weir 
and has elevations that range from 4 ft to 10 ft (Baker, 2013). It was modeled as a lateral weir 
with no gates and 4 ft elevation and is shown in Figure 26. 
 
Figure 25: Bohemia Spillway overview (Google Earth, 2015) 
Figure 26: HEC-RAS image of Bohemia Spillway (RM 44) 
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Fort St. Philip (RM 20.1) is modeled even though it is not an official diversion, pass, or 
spillway. The actual Fort St. Philip structure, which is shown in Figure 27, is relatively small and 
is surrounded by nearly 15 ft walls. These walls are actually in the cross sections and marked as 
levees. However, there are natural and man-made crevasses just south of Fort St. Philip along the 
MR. These channels are known to divert a significant amount of flow from the MR, up to 
100,000 cfs during high stage. (Barras, 2014). These are along the Olga Revetment, which is 
located from RM 20.1 to RM 16.7 according to the Hydrographic Survey (USACE NOD, 2003-
2004). Because it acts like an overflowing weir, this was modeled as a lateral weir to take 
discharge out of the system. Fort St. Philip modeled in HEC-RAS is shown in Figure 28. 
 
 
Figure 27: Fort St. Philip overview (Google Earth, 2015) 
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Figure 28: HEC-RAS image of Fort St. Philip 
 Subsidence 
Subsidence was modeled by adding or subtracting a range of values from the Mississippi 
River cross sections. The subsidence at Head of Passes was first chosen in combination with 
ESLR using Figure 6, and the scenarios are shown in Table 4. The subsidence amounts were 
chosen at Head of Passes (Figure 6), RM 50 (Figure 7), and New Orleans (Figure 8) to satisfy a 
linear subsidence slope shown in Figure 29. These values were based on subsidence maps 
(Figures 3 and 5). Negative values indicate that the elevation is decreased by indicated amount. 
 
Figure 29: Linear subsidence along the Mississippi River for chosen scenarios (by year) 
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The original geometry data set is from USGS 2004 Hydrographic Survey and is used to 
for 2009/2010 calibration and validation simulations. It is assumed that there is no significant 
difference in geometry between 2004 and 2010; therefore, subsidence since 1986 is represented 
in the current geometry and no adjustments need to be made for Scenario 1. This is denoted by a 
0 ft elevation adjustment in Table 5, which shows all of the elevation adjustments that need to be 
made with respect to the current geometry. Positive adjustments represent an increase elevation 
and negative adjustments represent a decrease in elevation, or subsidence. For full scenarios, see 
Table 4 in Proposed Scenarios. 
Table 5: Proposed subsidence and elevation adjustment for each scenario with respect to 
2009/2010 scenario (indicated by year) 
Scenario Year HOP Subsidence (ft) HOP Elevation Adjustment (ft) 
S0 1986 0 +1.1 
S1 2009/2010 1.1 0 
S2 2031 2.2 -1.1 
S3 2043 2.8 -1.7 
S4 2056 3.4 -2.3 
 
 Boundary Conditions 
Boundary conditions for the model include an upstream condition at Baton Rouge (RM 
228.4) and downstream conditions for Baptiste Collette, Grand Pass, Tiger Pass, West Bay 
Diversion, Main Pass, Southwest Pass, South Pass, and Pass A Loutré, shown in Figure 30.  
 
Figure 30: Boundary Condition Locations in HEC-RAS with Google Earth Overlay 
Discharge 
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Average daily discharges measured at the USGS Baton Rouge gage were used as the upstream 
hydrograph. This included 2009 and 2010 hydrographs for calibration and validation, shown 
below in Figures 31 and 32, respectively.  
 
Figure 31: 2009 hydrograph 
 
Figure 32: 2010 hydrograph 
The 2009 hydrograph was used in all proposed scenarios to compare the effects of RSLR. 
Downstream boundary conditions at all locations were kept at a constant water level, because the 
ESSPM will not simulate tidal, wind or other weather impacts. The water level for Scenario 1 
was chosen based on average water levels in Southwest Pass for 2009 and 2010. This value was 
assumed to be the eustatic boundary condition for all passes and diversions for these given years 
due to lack of data. For the other scenarios, this value was adjusted by adding the change in 
RSLR and ESLR, respectively, and is found in Table 6. The eustatic SLR and RSLR values are 
changes in the Gulf of Mexico in the vicinity of Head of Passes, while the boundary conditions 
are located at the last cross section of each reach or pass. The eustatic boundary condition 
represents the change in eustatic sea level and is coupled with directly subsiding the geometry. 
RSLR, or combination of eustatic SLR and subsidence, was modeled in the physical model as all 
eustatic SLR and is labeled as ESSPM BC.  
Feb Apr Jun Aug Oct Dec
2009
200000
400000
600000
800000
1000000
1200000
Plan: 2009 E+S   River: Mississippi   Reach: Main Channel   RS: 228.4
Time
F
lo
w
 (
c
fs
)
Legend
Flow
Feb Apr Jun Aug Oct Dec
2009
200000
400000
600000
800000
1000000
1200000
Plan: 2010   River: Mississippi   Reach: Main Channel   RS: 228.4
Time
F
lo
w
 (
c
fs
)
Legend
Flow
38 
 
Table 6: Proposed RSLR and eustatic SLR adjustments for each scenario (indicated by year) 
Scenario RSLR (ft) Eustatic SLR (ft) ESSPM BC (ft) Eustatic BC (ft) 
S0 0 0 Base Model : 1.4 
S1 1.5 0.4 2.9 1.8 
S2 3 0.8 4.4 2.2 
S3 4 1.2 5.4 2.6 
S4 5 1.6 6.4 3.0 
 
All structures were included for simulated years. Bonnet Carré Spillway was officially 
closed for both calibration and validation years, 2009 and 2010, but is known to leak less than 
10,000 cfs. Davis Pond Freshwater Diversion has an average discharge of about 4500 cfs 
(Draugelis-Dale, 2012). Caernarvon Freshwater Diversion is designed for 8,000 cfs and diverts 
an average 3,000 cfs (Lake Pontchartrain Basin Foundation, 2014). These three structures were 
assigned rating curves to account for these flows, shown in Figure 33, which were calibrated 
based on average and maximum design flows. Bohemia Spillway was estimated to discharge 
between 30,000 and 60,000 cfs (Baker, 2013). Fort St. Philip was estimated to divert 
approximately 100,000 cfs (Barras, 2014). Bohemia Spillway and Fort St. Philip were modeled 
as overflow weirs, and the heights were calibrated along with Manning’s roughness coefficient 
for flow distribution in the basin. The calibrated boundary conditions for the structures were used 
for all proposed scenarios. All boundary conditions can be found in Appendix D. 
 
Figure 33: Assigned rating curves of diverted flow (kcfs) with respect to main channel flow 
(kcfs) at Bonnet Carré Spillway, Davis Pond Freshwater Diversion, and Caernarvon Freshwater 
Diversion 
 Initial Conditions 
Initial discharges were required at the beginning of each reach, including MR at Baton 
Rouge (RM 228.4), Baptiste Collette, MR at Venice (RM 11.2), Grand Pass and Tiger Pass, MR 
at Grand Pass (RM 10.4), West Bay Diversion (WBD), MR at WBD (RM 4.7), Main Pass, MR 
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at Main Pass (RM 2.75), Pass A Loutré and branches, Head of Passes (RM 0.04), Southwest 
Pass, and South Pass. Table 7 shows the flow for each reach determined as a percentage of flow 
at Venice.  These percentages are based on observed values with respect to Venice in the West 
Bay Sediment Diversion Effects study (Brown, 2009).  
Table 7: Initial condition percentages with respect to Venice 
Location Discharge % 
Venice 100 
Baptiste Collette 11 
Grand Pass 12 
WBD 7 
Main Pass 11 
SW Pass 35 
South Pass 12 
Pass A Loutre 12 
 
 Model Stability 
The computation interval is one of the most important parameters used in the model. The 
computational interval, or time step, should be chosen small enough to accurately describe the 
rise and fall of the hydrograph. According to the HEC-RAS Hydraulic Reference Manual, RAS 
uses the implicit box scheme. Stability and accuracy can be achieved by satisfying the Courant  
Condition: 
𝐶 = 𝑉
∆𝑡
∆𝑥
≤ 1.0     (48) 
Where 
C = Courant number (1.0 is optimal) 
V = flood wave speed 
∆t = computational time step 
∆x = distance between cross sections 
 
Too large of a time step may cause the program to go unstable, where the solution is to decrease 
the time step. However, too small of a time step can also cause stability issues. This would cause 
the leading edge of the flood wave to steepen and possibly oscillate, going unstable. 
 For medium to large rivers, the Courant condition may yield time steps that are too 
restrictive, when a larger time step could be used and still maintain stability and accuracy. A 
practical time step condition, according to HEC-RAS Hydraulic Reference Manual, is 
∆𝑡 ≤
𝑇𝑟
20
     (49) 
Where 
Tr = time of rise of routed hydrograph 
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The time of rise is the amount of time for a flood wave to go from base flow to peak flow. The 
time of rise for the 2009 hydrograph that will be used in all simulations is approximately 29 
days, yielding a computational time step that is less than or equal to 1.45 days. Because the input 
hydrograph is in increments of 1 day, the computational time step must be less than or equal to 1 
day. 
 Model Limitations 
The model requires an initial discharge for each reach, but there is limited observed 
discharge data. The West Bay Sediment Diversion Effects study used an Acoustic Doppler 
Current Profiler (ADCP) at chosen transects in the river to estimate discharge leaving the main 
channel and entering the selected reach. This observed data was used to estimate the initial 
discharge in each reach and to compare with simulated discharge during calibration and 
validation. 
In the Mississippi River, downstream stages partially depend on tidal influence and other 
conditions. This causes frequent fluctuations which can be seen in the observed stage data. The 
ESSPM downstream boundary will be the Gulf of Mexico and will not include tidal fluctuations. 
The HEC-RAS downstream boundary condition can be either known water surface elevations or 
rating curves at the boundary of each open reach, including passes and diversions, but does not 
include the Gulf of Mexico. Therefore, observed data must come from gages within the pass, 
which is limited for most of these passes. There is data for Southwest and limited data for South 
Pass, but there are no gages for Baptiste Collette, Main Pass, Grand Pass, Tiger Pass, etc. 
Because the ESSPM will have a fairly constant boundary condition, the data for Southwest Pass 
will be averaged for the year and used for all passes. This will cause the downstream simulated 
stage data to not meet all of the fluctuations of the observed data but will be calibrated to be 
within the range of observed values. 
3.3.  1-D Prototype Model Calibration and Validation 
The prototype model was calibrated for 2009 and validated for 2010. Calibration was 
completed by using 2009 hydrograph and observed stage values to compare to simulated stage 
values. The channel boundary conditions were set to MSL of 1.82 ft. For S2 calibration, all 
existing structures and channels were included. The Bonnet Carré Spillway was closed during 
both years, but rating curves were estimated to account for leakage. Davis Pond Diversion and 
Caernarvon Freshwater Diversion gates were operated using rating curves and were estimated to 
maintain average flows while not exceeding maximum design capacity during high flows. 
Bohemia Spillway and Fort St. Philip structure elevations were given initial heights of to 
maintain respective discharges. Boundary conditions and initial conditions can be found in 
Appendices D and E, respectively. The Manning’s roughness coefficient was varied and adjusted 
along the channel to achieve significant similarity while all other conditions were kept constant. 
Observed stage hydrographs were obtained from USACE River Gages website at Baton 
Rouge (RM 228.4), Donaldsonville (RM 175.4), College Point (RM 157.4), Reserve (RM 
138.7), Bonnet Carré (RM 127.1), Carrollton (RM 102.8), Algiers Lock (RM 88.3), West Point 
A La Hache (RM 48.7), Empire (RM 29.5), and Venice (RM 10.7). Results were statistically 
evaluated using goodness-of-fit statistics: root mean square error (RMSE) percentage, bias, and 
Pearson product-moment correlation following the approach described in Meshle and Rodrigue 
41 
 
(2013). The RMSE% determines the variation of simulated data to observed data. Smaller error 
percentage corresponds to smaller differences between simulated and observed data. The 
RMSE% requires depth to be assessed rather than stage, because stage refers to an arbitrary 
datum. Bias ensures that the model is not overestimating or underestimating values. Positive bias 
refers to overestimation, while negative bias refers to underestimation. The Pearson product-
moment correlation, r, is a measure of phasing between simulated and observed data (Meselhe & 
Rodrigue, 2013). The equations of RMSE %, bias, and Pearson product-moment correlation 
coefficient are 
𝑅𝑀𝑆𝐸% = √
∑ (𝑃𝑖−𝑂𝑖)
2𝑛
𝑖=1
𝑛
×
𝑛
∑ 𝑂𝑖
𝑛
𝑖=1
× 100%   (50) 
𝐵𝑖𝑎𝑠 =
?̅?−?̅?
?̅?
      (51) 
𝑟 =
∑ (𝑃𝑖−?̅?)(𝑂𝑖−?̅?)
𝑛
𝑖=1
√∑ (𝑃𝑖−?̅?)
2𝑛
𝑖=1 √∑ (𝑂𝑖−?̅?)
2𝑛
𝑖=1
     (52) 
Where: 
P = predicted value 
O = observed value 
n = number of observations 
P̅ = mean of predicted values 
O̅ = mean of observed values 
 
RMSE% has a desired target area of less than 15% for all stations in 1-D and 2-D models. Bias 
has a desired target area of magnitude less than 10 for all stations in 1-D and 2-D models. 
Correlation coefficient has a desired target of greater than 0.9 for all stations and an acceptable 
target of greater than 0.9 for 80% of stations in 1-D and 2-D (Meselhe & Rodrigue, 2013). It 
does not mean the model is not useful if targets are not met. It should be acknowledged as 
potential areas of weakness during analysis and interpretation. The correlation coefficient is only 
used for unsteady state simulations because it is a takes into account how well the peaks and 
troughs of the curves match up. 
Unsteady state simulations were performed using 2009 hydrograph to determine flow 
distribution through passes and individual reaches during high and low flows. Flow values were 
calculated as percentages of pass flow with respect to flow at Venice. Flow distribution was 
calibrated by adjusting the Manning’s roughness coefficient within each reach to achieve desired 
flow percentage. Initially, the model could not correctly distribute flow despite significant 
changes in Manning’s n (n=0.001). According to Karadogan and Willson, 2010, about 45% of 
the total discharge is lost between Venice and Head of Passes through smaller cuts around the 
main channel. The model will underestimate this flow loss in the channel because the geometry 
is from 2004, which is pre-Katrina, and the elevations around this part of the river were higher 
than in 2009. This includes the passes, where the geometry elevations are also higher and do not 
divert as much flow. To account for this, the geometry was deepened in the passes to divert more 
flow. The geometry edits are in Table 8. The chosen cross sections were on the downstream end 
of each pass and the elevation change is negative, indicating a decrease or deepening of the 
channel. 
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Table 8: Elevation changes in geometry cross sections to satisfy flow distribution observations; 
the table lists the number of edited cross sections on the downstream end of the pass out of the 
total number of cross sections in parentheses 
Reach Cross Sections (Total) Elevation Change (ft) 
Pass A Loutre (main) 5 (30) -25 
Pass A Loture Branches All -30 
Main Pass 17 (69) 
22 (69) 
-10 
-15 
Tiger Pass 25 (73) 
33 (73) 
-10 
-10 
Baptiste Collette 23(54) -10 
Grand Pass 27 (69) 
33 (69) 
-10 
-10 
 
The results of the flow distribution are in Table 9. The observed flow data was taken from Brown 
(2009), which were collected during USACE field surveys for the West Bay Sediment Diversion. 
The simulated flow results show reasonable agreement with the observed flow data. All 
simulated flows were within 10% of the observed flows. 
Table 9: Simulated vs. observed flow percentages with respect to Venice during high and low 
flows in 2009 
 Low Main Channel Flow High Main Channel Flow 
Location Model Observed Difference Model Observed Difference 
Venice 100% 100% 0% 100% 100% 0% 
Above WBD 83% 77% 6% 87% 81% 6% 
HOP 64% 59% 5% 70% 64% 6% 
Southwest Pass 34% 35% -1% 41% 40% 1% 
Baptiste Collette 12% 11% 1% 10% 10% 0% 
Grand Pass 17% 12% 5% 13% 10% 3% 
WBD 7% 7% 0% 6% 7% -1% 
Main Pass 12% 11% 1% 11% 10% 1% 
South Pass 17% 12% 5% 15% 12% 3% 
Pass A Loutre 13% 12% 1% 14% 12% 2% 
 
 After calibrating flow distribution, simulated stage was compared to observed stage. The 
initial stage hydrograph at Carrollton is shown in Figure 34 before flow roughness factors were 
applied. The simulated stage hydrograph is close to observational data at some discharges but not 
for others even though the results are within the desired target area. This determined the need for 
flow varying roughness and seasonal varying roughness, which was incorporated in unsteady 
state simulations.  
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Figure 34: Initial unsteady state stage hydrograph at Carrollton (RM 102.7) for S1 (2009) 
calibration before flow roughness factors 
After analyzing initial hydrographs, flow varying roughness factors were added and Manning’s n 
was further adjusted. Upon further calibration, hydrographs displayed a better fit to observed 
hydrographs, shown in Figure 35. The final statistical results are found in Table 10 and Table 11. 
 
 
Figure 35: Final unsteady state stage hydrograph at Carrollton (RM 102.7) for 2009 calibration 
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Table 10: Unsteady state RMSE%, bias, and correlation coefficient results at upstream gages for 
2009 calibration 
Parameter/ 
Location 
Baton 
Rouge 
Donaldsonville College 
Point 
Reserve Bonnet 
Carré 
Desired 
Target 
n 0.024 0.024 0.024 0.024 0.024   
RMSE% 0.423 0.896 0.396 0.362 0.344 <15% 
Bias -0.002 0.006 0.000 0.001 0.000 <10 
r 0.999 0.997 0.998 0.997 0.998 >0.9 
 
Table 11: Unsteady state RMSE%, bias, and correlation coefficient results at downstream gages 
for 2009 calibration 
Parameter/ 
Location 
Carrollton Algiers 
Lock 
West Point A La 
Hache 
Empire Venice Desired 
Target 
n 0.022 0.022 0.020 0.018 0.016   
RMSE% 0.301 0.286 0.601 0.360 0.721 <15% 
Bias 0.001 0.000 0.000 0.000 0.002 <10 
r 0.996 0.993 0.935 0.869 0.759 >0.9 
 
The RMSE% and bias statistical analysis concluded that the results are within target areas. 
RMSE% proves that there is little variation, and bias demonstrates that there is very little under- 
or over-estimation. The correlation coefficient, r, is within desired target areas except for Empire 
and Venice. It is, however, in the acceptable target area, which is greater than 0.9 for 80% of 
stations. The reason is because observed data includes tidal fluctuations, while the simulated data 
does not due to the constant boundary condition. The goal was to get the simulated data as close 
as possible to observed data despite tidal fluctuations, which resulted in observed data fluctuating 
around the simulated data. The statistical analysis confirms that the simulated data is sufficient 
because the RMSE% is still small. 
In order to validate the calibration, the model was simulated using 2010 stage and 
discharge hydrographs. The validation included all passes and structures. All boundary 
conditions can be found in Appendix D. The downstream boundary conditions for all channels 
were kept at an elevation of 1.82 ft. First, the flow distribution was validated by calculating the 
percentage of flow through each section or pass with respect to Venice. The results are shown in 
Table 12. All percentage differences between simulated and observed flow are less than 30%.  
The model overestimates flow in the main channel, which is due to the higher elevations in 
geometry.  
The stage was also validated visually and statistically. An example of the observed and 
simulated stage hydrographs at Carrollton (RM 102.7) are shown in Figure 36. The model 
appears to have predicted the observed stage. To further evaluate these results, the statistical 
analysis was performed on the data. The statistics are shown below in Table 13 and Table 14 
 
 
45 
 
Table 12: Simulated vs. observed flow percentages with respect to Venice during high and low 
flows in 2010 
 Low Main Channel Flow High Main Channel Flow 
Location Model Observed Difference Model Observed Difference 
Venice 100% 100% 0% 100% 100% 0% 
Above WBD 82% 77% 5% 87% 81% 6% 
HOP 63% 59% 4% 71% 64% 7% 
Southwest 
Pass 
34% 35% -1% 42% 40% 2% 
Baptiste 
Collette 
12% 11% 1% 9% 10% -1% 
Grand Pass 18% 12% 6% 13% 10% 3% 
WBD 7% 7% 0% 5% 7% -2% 
Main Pass 12% 11% 1% 10% 10% 0% 
South Pass 17% 12% 5% 14% 12% 2% 
Pass A 
Loutre 
12% 12% 0% 15% 12% 3% 
 
 
Figure 36: Unsteady state stage and flow hydrograph at Carrollton (RM 102.7) for 2010 
validation 
Table 13: Unsteady state RMSE%, bias, and correlation coefficient results at upstream gages for 
2010 validation 
Parameter/ 
Location 
Baton 
Rouge 
Donaldsonville College 
Point 
Reserve Bonnet 
Carré 
Desired 
Target 
n 0.024 0.024 0.024 0.024 0.024   
RMSE% 0.914 0.895 0.498 0.335 0.584 <15% 
Bias -0.007 0.004 -0.003 0.000 -0.001 <10 
r 0.998 0.997 0.998 0.998 0.994 >0.9 
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Table 14: Unsteady state RMSE%, bias, and correlation coefficient results at downstream gages 
for 2010 validation 
Parameter/ 
Location 
Carrollton Algiers 
Lock 
West Point A La 
Hache 
Empire Venice Desired 
Target 
n 0.022 0.022 0.020 0.018 0.016   
RMSE% 0.381 0.394 0.786 0.437 0.551 <15% 
Bias -0.001 0.000 0.001 0.000 0.001 <10 
r 0.994 0.988 0.943 0.862 0.849 >0.9   
Validation results showed desired agreement for RMSE% and bias and acceptable 
agreement for correlation coefficient. The RMSE% is very small and bias shows minimal over- 
and under-estimation. Correlation coefficient matches for most gages, with the exception of 
Empire and Venice. The acceptable range for bias is greater than 0.9 for 80% of stations, and the 
2010 simulation is within this range. The Manning’s n and flow/seasonal roughness factors did 
not have to be re-evaluated. 
3.4.  1-D D15 Model Validation 
The prototype model was scaled 1:400 for the vertical axis and 1:6000 for the horizontal 
axis to create the D15 geometry. The D15 model was validated by simulating 2009 conditions, 
and scaled according to Table 3. The downstream boundary conditions for all channels were kept 
at an elevation of 0.00455 ft (scaled from prototype condition of 1.82 ft). All Manning’s 
roughness coefficients had to be scaled by 1.04 from prototype scale. A summary of the scales is 
shown in Table 3. Initial stage and distribution results were not desirable and minor adjustments 
were made. The initial stage hydrograph is shown in Figure 37. 
 
Figure 37: Initial unsteady state stage hydrograph at Carrollton (RM 102.7) for 2009 calibration 
of D15 
Although all necessary changes were made to the D15 model, it did not yield the correct flow 
distribution in the passes. Adjustments to the coefficients were made to achieve the correct flow 
distribution. These changes are in Table 15. 
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Table 15: D15 geometry changes from prototype geometry 
River Reach River 
Station 
Prototype 
Manning’s n 
D15 
Manning’s n* 
Mississippi Below Venice (RS 10.7) 11.2-0.07 0.016 0.018 
Mississippi SW_SouthJNC 11.37-
11.11 
0.048 0.027 
Mississippi Grand_TigerJNC 7.37-7.11 0.003 0.008 
Mississippi SW Pass 11.001-0 0.06 0.013 
Mississippi Tiger Pass 7.44-0 0.003 0.008 
Mississippi South Pass 7.1-0 0.01 0.003 
Mississippi Main Pass 6.94-0 0.003 0.010 
Mississippi Grand Pass2 6.98-0 0.003 0.008 
* at prototype scale 
After adjusting the roughness coefficients, flow distribution was validated by calculating 
the percentage of flow through each section or pass with respect to Venice. The results are 
compared with observed flow data (adjusted to the ESSPM scale) collected for the West Bay 
Sediment Diversion from (Brown, 2009). The results are shown in Table 16. 
Table 16: D15 Simulated vs. observed flow percentages with respect to Venice during high and 
low flows in 2009 
 Low Main Channel Flow High Main Channel Flow 
Location Model Observed Difference Model Observed Difference 
Venice 100% 100% 0% 100% 100% 0% 
Above WBD 88% 77% 11% 87% 81% 6% 
HOP 62% 59% 3% 66% 64% 2% 
Southwest 
Pass 
35% 35% 0% 37% 40% -3% 
Baptiste 
Collette 
16% 11% 5% 17% 10% 7% 
Grand Pass 12% 12% 0% 13% 10% 3% 
WBD 16% 7% 9% 11% 7% 4% 
Main Pass 10% 11% -1% 10% 10% 0% 
South Pass 14% 12% 2% 14% 12% 2% 
Pass A 
Loutre 
13% 12% 1% 14% 12% 2% 
 
The maximum difference in flow distribution is 11% in the main channel above the West Bay 
Sediment Diversion (WBD). This is comparable with the prototype flow distribution, which also 
predicted the largest difference to be above the WBD. The stage data was also visually and 
statistically validated. The simulated and observed stage data at Carrollton (RM 102.8) is shown 
in Figure 38 while the statistics are shown in Table 16 and Table 17.  
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Figure 38: Final unsteady state stage  hydrograph at Carrollton (RM 102.8) for 2009 validation 
of D15 geometry 
The simulated stage appeared to be representative of the observed data in Figure 38. The 
statistics were calculated using the root mean square error percentage (RMSE%), bias, and 
Pearson product-moment correlation coefficient (r), which were used for prototype calibration 
and are outlined in Section 3.3. The statistics analyzed the differences between the simulated and 
observed data. 
Table 17: Unsteady state RMSE%, bias, and correlation coefficient results at upstream gages for 
2009 validation of D15 geometry 
Parameter/ 
Location 
Baton 
Rouge 
Donaldsonville College 
Point 
Reserve Bonnet 
Carré 
Desired 
Target 
n 0.024 0.024 0.024 0.024 0.024   
RMSE% 0.522 0.640 0.979 0.390 0.563 <15% 
Bias 0.001 0.004 -0.009 0.000 -0.001 <10 
r 0.999 0.999 0.998 0.997 0.996 >0.9 
Table 18: Unsteady state RMSE%, bias, and correlation coefficient results at downstream gages 
for 2009 validation of D15 geometry 
Parameter/ 
Location 
Carrollton Algiers 
Lock 
West Point A La 
Hache 
Empire Venice Desired 
Target 
n 0.022 0.022 0.020 0.018 0.016   
RMSE% 0.477 0.457 0.830 0.466 0.904 <15% 
Bias 0.000 0.001 0.005 0.001 -0.004 <10 
r 0.993 0.987 0.919 0.797 0.648 >0.9 
 
Validation results showed desired agreement for RMSE% and bias and acceptable 
agreement for correlation coefficient. The RMSE% is very small and bias shows minimal over- 
and under-estimation. Correlation coefficient matches for most gages, with the exception of 
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Empire and Venice. The acceptable range for bias is greater than 0.9 for 80% of stations, and the 
D15 simulation is within this range. The Manning’s n and flow/seasonal roughness factors did 
not have to be re-evaluated.  
The D15 statistics are similar to the prototype statistics. The D15 RMSE% is less than 
1% larger, and Pearson product-moment correlation reaches the desired target with the exception 
of Empire and Venice. Bias indicates  over-and underestimation of data at different locations in 
the prototype. 
3.5.  2-D Prototype Validation 
The 1-D prototype model was used to create the 2-D prototype grid. The cross-sections were 
interpolated to create the terrain for the Mississippi River domain, which was used as a map for 
the unstructured grid. The grid is designed with 150 ft x 150 ft cells and contains a range of 10-
30 cells per cross-section, depending on the area. For this preliminary analysis, structures were 
not included, but the upstream and downstream boundary conditions were the same as the 1-D 
model. The simulation was first run with 1-D Manning’s roughness coefficients and adjusted as 
necessary. The final Manning’s roughness coefficients are in Appendix B. Flow roughness or 
seasonal roughness factors cannot be modeled in the 2-D HEC-RAS, so these were also 
neglected. The upstream boundary condition is the 2009 flow hydrograph with a constant 
downstream boundary condition of 1.8 ft. HEC-RAS 5.0.3 does not yet have the ability to map 
flow through the mesh, but depths were extracted for a statistical validation. The stage 
hydrograph at Carrollton is shown in Figure 39 along with the statistical results in Tables 19 and 
20. The statistics are outlined in Section 3.3. 
 
Figure 39: 2-D Prototype unsteady state stage hydrograph at Carrollton (RM 102.7) for 2009 
calibration 
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Table 19: Unsteady state RMSE%, bias, and correlation coefficient results at upstream gages for 
2009 calibration 
Parameter/ 
Location 
Baton 
Rouge 
Donaldsonville College 
Point 
Reserve Bonnet 
Carré 
Desired 
Target 
n 0.022 0.024 0.022 0.022 0.022   
RMSE% 3.78 1.99 1.88 1.41 1.97 <15% 
Bias 0.032 -0.002 -0.015 -0.001 0.002 <10 
r 0.984 0.984 0.061 0.037 0.953 >0.9 
 
Table 20: Unsteady state RMSE%, bias, and correlation coefficient results at downstream gages 
for 2009 calibration 
Parameter/ 
Location 
Carrollton Algiers 
Lock 
West Point A La 
Hache 
Empire Venice Desired 
Target 
n 0.022 0.022 0.020 0.018 0.016   
RMSE% 1.73 1.07 1.83 0.83 0.85 <15% 
Bias 0.008 0.008 0.015 0.006 -0.003 <10 
r 0.899 0.964 0.811 0.638 0.634 >0.9 
 
The 2-D stage hydrograph at Carrollton is visually representative of the observed data. However, 
compared to the 1-D prototype calibration, the 2-D model does not the reach the lowest and 
highest observed stages. This is because of the lack of flow roughness factors that accounted for 
this in the 1-D models. Validation results showed desired agreement for RMSE% and bias and 
acceptable agreement for correlation coefficient. The RMSE% is small and bias shows minimal 
over- and under-estimation. Correlation coefficient matches for most gages, with the exception 
of College Point, Reserve, Carrollton, West Pointe a la Hache, Empire and Venice. Most of the 
stations are not in range for the Pearson product-moment correlation coefficient, which is 
calculated to measure phasing between simulated and observed data during unsteady flow. This 
is due to the lack of flow roughness factors. In the 1-D prototype model, flow roughness factors 
are used when one Manning’s roughness coefficient per location does not satisfy all flows.  
The 2-D prototype statistics are slightly different from the 1-D prototype statistics. The 2-
D RMSE% has slightly larger percentages but are still within the desired target. The Pearson 
product-moment correlation does not reach the desired target for most of the locations unlike the 
1-D model. Bias indicates a slightly higher over-and underestimation of values, but is still within 
target areas.  
3.6.  Application 
The objectives of this thesis was to create a model of the Mississippi River prototype and 
ESSPM to evaluate hydrodynamics and sediment transport parameters in 1-D and 2-D.. All 
values in the table are listed as prototype scale. The ESSPM scaled values can be found in 
Appendix D.  
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Table 21: Summary of proposed scenarios and abbreviations 
Abbreviation Dimension Simulation ESSPM SLR (ft) RSLR (E+S) 
1D_Proto_S0 1-D Mississippi River 0 0 
1D_Proto_S1 1-D Mississippi River 1.5 0.4+1.1 
1D_Proto_S2 1-D Mississippi River 3 0.8+2.2 
1D_Proto_S3 1-D Mississippi River 4 1.2+2.8 
1D_Proto_S4 1-D Mississippi River 5 1.6+3.4 
1D_D15_S0 1-D ESSPM 0 0 
1D_ D15_S1 1-D ESSPM 1.5 0.4+1.1 
1D_ D15_S2 1-D ESSPM 3 0.8+2.2 
1D_ D15_S3 1-D ESSPM 4 1.2+2.8 
1D_ D15_S4 1-D ESSPM 5 1.6+3.4 
2D_Proto_S0 2-D Mississippi River 0 0 
2D_Proto_S1 2-D Mississippi River 1.5 0.4+1.1 
2D_Proto_S2 2-D Mississippi River 3 0.8+2.2 
2D_Proto_S3 2-D Mississippi River 4 1.2+2.8 
2D_Proto_S4 2-D Mississippi River 5 1.6+3.4 
2D_ D1_S0 2-D Undistorted ESSPM 0 0 
2D_ D1_S1 2-D Undistorted ESSPM 1.5 0.4+1.1 
2D_ D1_S2 2-D Undistorted ESSPM 3 0.8+2.2 
2D_ D1_S3 2-D Undistorted ESSPM 4 1.2+2.8 
2D_ D1_S4 2-D Undistorted ESSPM 5 1.6+3.4 
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CHAPTER 4. RESULTS AND DISCUSSION 
The 1- and 2-D prototype and 1-D D15 models were used to simulate the five scenarios, in 
Table 4, and the depth, velocity, and bed shear stress are shown below. The results were 
extracted at Baton Rouge (RM 228.4), Carrollton (RM 102.8), Algiers Lock (RM 88.3), Alliance 
(RM 62.5), West Pointe a la Hache (RM 48.7), Empire (RM 29.5), and Venice (RM 10.7). The 
raw data is first displayed, followed by an analysis of RSLR (eustatic SLR and subsidence 
separately) and ESSPM SLR (ESSPM conditions where the combined effect is represented as 
eustatic SLR) comparison. 
4.1.  Depth 
Depth is the distance from the water surface elevation to the invert elevation, or elevation of 
the bottom channel. Depth was compared for RSLR and ESSPM SLR at each location. The 
results of interest are shown in Figure 40 through Figure 45 at Baton Rouge and Carrollton for 1-
D and 2-D prototype and 1-D D15. There were little to no visible differences between RSLR and 
ESSPM SLR at the remaining locations, and the results are in Appendix G. The 1-D results are 
an average of the entire cross section, while 2-D results were extracted at one grid point along 
the flow centerline of a particular cross section. All locations were analyzed using the root mean 
square error percentage (RMSE%), which was discussed in section 3.3 for model calibration and 
validation. The RMSE% is calculated using the ESSPM SLR (representing SLR and subsidence 
as all eustatic SLR) as the “predicted” data and the RSLR as the “observed data”, which 
represents what will actually occur in the Mississippi River. The statistics are listed in Table 22. 
Figures 42 and 45 display the D15 data and are ESSPM scale. Figure 42 at Baton Rouge has 
a y-axis that ranges from 0.17 to 0.26 ft, which is equivalent to the y-axis in the prototype results 
ranging from 70 to 105 ft. Figure 45 at Carrollton ranges from 0.25 to 0.34 feet, which is 
equivalent to 100 and 135 feet. 
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Figure 40: 1-D Prototype unsteady state depth comparison at Baton Rouge 
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Figure 41: 2-D Prototype unsteady state depth comparison at Baton Rouge 
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Figure 42: 1-D D15 unsteady state depth comparison at Baton Rouge 
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Figure 43: 1-D Prototype unsteady state depth comparison at Carrollton 
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Figure 44: 2-D Prototype unsteady state depth comparison at Carrollton 
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Figure 45: 1-D D15 unsteady state depth comparison at Carrollton 
 
 
 
 
 
 
 
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
1-Jan 1-Mar 30-Apr 29-Jun 28-Aug 27-Oct
D
ep
th
 (
ft
)
Date
RSLR Carrollton (RM 102.8)
S0 S1 S2 S3 S4
0.25
0.26
0.27
0.28
0.29
0.3
0.31
0.32
0.33
0.34
1-Jan 1-Mar 30-Apr 29-Jun 28-Aug 27-Oct
D
ep
th
 (
ft
)
Date
ESSPM SLR Carrollton (RM 102.8)
S0 S1 S2 S3 S4
59 
 
Table 22: Prototype and D15 depth RMSE% at each location 
Location Scenario 1-D Prototype 
RMSE% 
1-D  
D15 RMSE% 
2-D  
Prototype RMSE% 
Baton Rouge 
(RM 228.4) 
S1 
S2 
S3 
S4 
0.54% 
1.06% 
1.34% 
1.60% 
0.44% 
1.00% 
1.25% 
1.48% 
0.28% 
0.45% 
0.76% 
0.96% 
Carrollton  
(RM 102.8) 
S1 
S2 
S3 
S4 
0.73% 
1.40% 
1.73% 
2.04% 
0.61% 
1.36% 
1.65% 
1.96% 
0.75% 
1.08% 
1.92% 
2.34% 
Alliance  
(RM 62.5) 
S1 
S2 
S3 
S4 
0.45% 
0.84% 
0.99% 
1.13% 
0.32% 
0.79% 
0.90% 
1.05% 
0.48% 
0.56% 
1.23% 
1.50% 
West Pointe a la 
Hache  
(RM 48.8) 
S1 
S2 
S3 
S4 
0.41% 
0.75% 
0.86% 
0.96% 
0.24% 
0.70% 
0.75% 
0.65% 
0.56% 
0.26% 
0.83% 
1.10% 
Empire  
(RM 29.5) 
S1 
S2 
S3 
S4 
0.14% 
0.26% 
0.31% 
0.41% 
0.04% 
0.24% 
0.26% 
0.36% 
0.17% 
0.15% 
0.44% 
0.54% 
Venice  
(RM 10.7) 
S1 
S2 
S3 
S4 
0.07% 
0.12% 
0.16% 
0.16% 
0.19% 
0.11% 
0.09% 
0.15% 
0.14% 
0.22% 
0.23% 
0.30% 
 
Figures 83 through 94 in Appendix G have little to no differences between RSLR and 
ESSPM SLR, but show small impacts from SLR scenarios. Figure 40 shows that RSLR scenarios 
have little impact on the depth at Baton Rouge. The depths have a range of 30 feet. While the 
RMSE% between RSLR and ESSPM SLR is less than 2%, ESSPM SLR has a larger impact with 
each scenario. Each scenario increases the depth almost 3 feet between January through April 
and July through October during low and medium flow rates. The D15 model in Figure 41 
produces the same results at ESSPM scale. The 2-D model in Figure 40 actually shows that 
ESSPM SLR has a less visible impact on depth than the 1-D models. 
Figures 43 through 45 shows the results at Carrollton with a range of depths of about 15 feet. 
There is a visible depth increase at low flows (January through March and July through October) 
and depth decrease at high flows during June. The 1-D prototype results demonstrate a larger 
ESSPM SLR impact on depth than at Baton Rouge with an increase of about approximately 4 
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feet.  The D15 model in Figure 45 shows the same trends at ESSPM scale. The 2-D model in 
Figure 44 is slightly different. The RSLR increases the depth about 1-2 feet at lower flow rates. 
ESSPM SLR has a larger impact in the 2-D model than the 1-D models. S2, S3, and S4 increase 
over 2, 3 and 4 feet, respectively, for the entire year. 
Table 22 contains the RMSE percentages between RSLR and ESSPM SLR at all locations. 
Depth between RSLR and SLR are approximately the same at all locations with a maximum 
deviation of 2.34% for all models. The differences between ESSPM SLR and RSLR generally 
decrease with each downstream station approaching the downstream boundary condition, where 
the depths are equal. At each location, differences increase with each scenario. Though the same 
trends are found for 1-D prototype, 1-D D15, and 2-D prototype, all of the percentages remain 
relatively small (under 3%). 
4.2.  Velocity 
Velocity was compared for RSLR and ESSPM SLR at each location. The results of interest 
are shown in Figure 46 through 51 at Empire and Venice. There were little to no visible 
differences between RSLR and ESSPM SLR at the remaining locations, and the results are in 
Appendix G. The 1-D results are an average of the entire cross section, while 2-D results were 
extracted at one grid point along the flow centerline of a particular cross section. All locations 
were analyzing using the root mean square error percentage (RMSE%), which was discussed in 
section 3.3 for model calibration and validation. The velocity statistics are listed in Table 23 with 
the ESSPM SLR (representing SLR and subsidence as all eustatic SLR) being the predicted data 
compared to the RSLR as the observed data, which represents what is actually happening in the 
Mississippi River. 
 
Figures 48 and 51 display the D15 data and are ESSPM scale. Both figures have a y-axis that 
ranges from 0 to 0.4 ft/s, which is equivalent to the y-axis in the prototype results ranging from 0 
to 8 ft/s. 
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Figure 46: 1-D Prototype unsteady state velocity comparison at Empire 
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Figure 47: 2-D Prototype unsteady state velocity comparison at Empire 
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Figure 48: 1-D D15 unsteady state velocity comparison at Empire 
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Figure 49: 1-D Prototype unsteady state velocity comparison at Venice 
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Figure 50: 2-D Prototype unsteady state velocity comparison at Venice 
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Figure 51: 1-D D15 unsteady state velocity comparison at Venice 
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Table 23: Prototype and D15 velocity RMSE% at each location 
Location Scenario 1-D Prototype 
RMSE% 
1-D 
D15 RMSE% 
2-D Prototype 
RMSE% 
Baton Rouge 
(RM 228.4) 
S1 
S2 
S3 
S4 
0.84% 
1.62% 
2.02% 
2.40% 
0.68% 
1.50% 
1.86% 
2.20% 
0.42% 
0.64% 
1.09% 
1.38% 
Carrollton  
(RM 102.8) 
S1 
S2 
S3 
S4 
1.17% 
2.20% 
2.70% 
3.19% 
1.00% 
2.11% 
2.56% 
3.06% 
1.45% 
2.30% 
3.68% 
4.44% 
Alliance  
(RM 62.5) 
S1 
S2 
S3 
S4 
0.64% 
1.16% 
1.34% 
1.56% 
0.45% 
1.14% 
1.26% 
1.55% 
0.82% 
2.28% 
2.11% 
2.52% 
West Pointe a la 
Hache  
(RM 48.8) 
S1 
S2 
S3 
S4 
0.45% 
0.79% 
0.87% 
1.00% 
0.29% 
0.73% 
0.80% 
0.98% 
0.85% 
2.73% 
1.90% 
2.19% 
Empire  
(RM 29.5) 
S1 
S2 
S3 
S4 
2.08% 
5.08% 
10.10% 
29.28% 
1.27% 
7.03% 
13.89% 
35.93% 
0.40% 
2.44% 
1.02% 
1.08% 
Venice  
(RM 10.7) 
S1 
S2 
S3 
S4 
1.90% 
7.43% 
16.36% 
55.48% 
0.72% 
9.50% 
21.16% 
70.90% 
3.86% 
0.47% 
2.26% 
4.14% 
 
Figure 46, 47, and 48 contain the velocity results for 1-D prototype, 2-D prototype, and 1-D 
D15, respectively at Empire. RSLR in the 1-D prototype model predicts that velocity decreases 
downstream with each scenario during the months of April and June, which are the months of 
high flows (see Figure 31). This decrease in velocity from S0 to S4 is less than 1 ft/s. ESSPM 
SLR scenarios have the same impact on velocity for S1, S2, and S3, and has a larger impact for 
S4. The change from S0 to S4 is larger than 1 ft/s and impacts the entire shear hydrograph, not 
just during high flows. The D15 predicts equivalent velocities at ESSPM scale and therefore, 
reveals the same trends as the prototype. The 2-D prototype, however, does not show significant 
differences between RSLR and ESSPM. 
Figures 49, 50, and 51 cover the velocity results for 1-D prototype, 2-D prototype, and 1-D 
D15, respectively, at Venice. The RSLR scenario appears to significantly impact the velocity at 
Venice. The velocity decreases by almost 0.25 feet with each scenario. ESSPM SLR appears to 
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have the same impact as RSLR for S1. S2 and S3 have slightly more significant impacts 
compared to RSLR, while S4 has the largest impact and is 1 ft. The D15 results reveals the same 
trends as the prototype at ESSPM scale. The 2-D velocities are significantly different from the 1-
D results. According to the 2-D velocity results, there is no change from increasing SLR for 
either case. There are also no visible differences between RSLR and ESSPM SLR. 
Table 23 displays the actual RMSE percentages between RSLR and ESSPM SLR for 1-D 
prototype and D15 models and 2-D prototype. The 1-D models have larger differences at Empire 
and Venice which increase with each scenario. The differences for prototype and D15 are very 
close. The 2-D model predicts roughly the same bed shear stress for RSLR and ESSPM SLR at 
all locations. The 2-D maximum error reaches 4.4%. 
4.3.  Bed Shear Stress 
Bed shear stress was compared for RSLR and ESSPM SLR at each location. Bed shear stress is 
defined as  
𝜏 = 𝜌𝑔𝑅𝑆 
where  𝜌 is density, g is gravitational acceleration, R is hydraulic radius, and S is the energy 
grade line slope. 
The results of interest are shown in Figure 52 through Figure 55 at Empire and Venice for 1-
D prototype and D15. Results for the 2-D model is shown in Figures 56 through 59 as a color 
map to qualitatively compare bed shear stress, because HEC-RAS 5.0.3 only allows water 
surface elevation, depth, and velocity to be extracted as a time series. Therefore, statistics are not 
available for 2-D bed shear stress. The 2-D results are displayed during peak flows on June 2, 
which is approximately 1,182,000 cfs.  The results are also shown next to the 1-D version of the 
color map. When the 1-D results are displayed in RAS-Mapper, the map spatially distributes the 
chosen variable across the channel, similar to a 2-D model. This is calculated by separating by 
the main channel into subsections and applying the continuity and momentum equations. There 
were little to no visible differences at the remaining locations, and the results are in Appendix G. 
All locations were analyzed using the root mean square error percentage (RMSE%), which was 
discussed in section 3.3 for model calibration and validation. The bed shear stress statistics are 
listed in Table 24 with the ESSPM SLR (representing SLR and subsidence as all eustatic SLR) 
being the predicted data compared to the RSLR as the observed data, which represents what is 
actually happening in the Mississippi River. 
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Figure 52: 1-D Prototype unsteady state bed shear stress comparison at Empire 
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Figure 53: 1-D D15 unsteady state bed shear stress comparison at Empire 
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Figure 54: 1-D Prototype unsteady state bed shear stress comparison at Venice 
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Figure 55: 1-D D15 unsteady state bed shear stress comparison at Venice 
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Figure 56: 1-D (left) and 2-D (right) bed shear stress comparison at Empire during high flows of 
S1 
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Figure 57: 1-D (left) and 2-D (right) bed shear stress comparison at Empire during high flows of  
S4 
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Figure 58: 1-D (left) and 2-D (right) bed shear stress comparison at Venice during high flows of 
S1 
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Figure 59: 1-D (left) and 2-D (right) bed shear stress comparison at Venice during high flows of 
S4 
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Table 24: Prototype and D15 bed shear stress RMSE% at each location 
Location Scenario 1-D Prototype 
RMSE% 
1-D  
D15 RMSE% 
Baton Rouge (RM 
228.4) 
S1 
S2 
S3 
S4 
1.79% 
3.42% 
4.25% 
5.04% 
1.42% 
3.01% 
3.71% 
4.41% 
Carrollton  
(RM 102.8) 
S1 
S2 
S3 
S4 
2.66% 
4.96% 
6.07% 
7.23% 
2.41% 
4.76% 
5.77% 
7.02% 
Alliance  
(RM 62.5) 
S1 
S2 
S3 
S4 
1.50% 
2.64% 
2.99% 
3.54% 
1.02% 
2.45% 
2.69% 
3.41% 
West Pointe a la 
Hache  
(RM 48.8) 
S1 
S2 
S3 
S4 
1.04% 
1.53% 
1.64% 
2.09% 
0.59% 
1.33% 
1.49% 
1.96% 
Empire  
(RM 29.5) 
S1 
S2 
S3 
S4 
22.51% 
75.73% 
117.91% 
158.57% 
6.07% 
21.02% 
42.47% 
67.08% 
Venice  
(RM 10.7) 
S1 
S2 
S3 
S4 
84.90% 
43.60% 
- 
- 
2.08% 
36.23% 
43.75% 
41.96% 
 
 The RSLR prototype figures were first compared to observed values. Nittrouer et al 
(2011) calculated an average bed shear stress of 0.33 psf using velocity profiles and other data 
measurements at multiple study sites at Empire. The maximum shear stress was calculated to be 
0.48 psf. These measurements were taken when flow was approximately 1,300,000 cfs. The 
simulated average shear stress at Empire is approximately 0.06 psf during peak flow. The 
prototype model slightly underestimates Nittrouer’s calculated values, but it is still comparable. 
Hooper and Willson (2016) measured ESSPM scale bed shear stress values in a flume using 
average values of the ESSPM. The resulting averages for incipient motion, pronounced sediment 
transport, and dune formation are 0.00025, 0.00035, and 0.00037 psf, respectively, which can be 
compared with the D15 simulated values. The values are relatively small compared to the 
simulated values from the D15 model, but the incipient motion is approximately the same as the 
values calculated in Table 25. 
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Because there is no direct ESSPM scale factor for bed shear stress, values were compared 
relative to the critical shear stress. Table 25 has the three characteristic grain sizes for the 
prototype Mississippi River and D15 with the corresponding critical shear stress. The prototype 
Shield’s parameter is 0.072 (U.S. Geological Survey, 2008), and the calculations were based on 
Shield’s parameter similitude between model and prototype. The ESSPM sediment density was 
chosen to be 1.05 (see Section 2.4.3). 
Table 25: Critical shear stress for the characteristic grain sizes in prototype and D15 
Class Prototype Grain 
Size (mm) 
Prototype 
Critical Shear 
Stress (psf) 
D15 Grain 
Size (mm) 
D15 Critical Shear 
Stress (psf) 
𝑑10 0.08 0.00196 0.25 0.00018 
𝑑50 0.13 0.00304 0.40 0.00030 
𝑑90 0.25 0.00608 0.80 0.00059 
 
Figures 95 through 102 in Appendix G contain the bed shear stress results at Baton Rouge, 
Carrollton, Alliance, and West Pointe a la Hache for 1-D prototype and D15 models. RSLR and 
ESSPM SLR does not influence the bed shear stress at these locations. There is also little to no 
visible difference between RSLR and ESSPM SLR at these locations. RSLR and ESSPM SLR 
influence the bed shear stress at locations closest to the SLR boundary condition: Empire and 
Venice. Bed shear stress is only above the critical shear stress (calculated in Table 25) during 
high flows (above 700,000 cfs), between April through August and October through November, 
in Figure 52. Prototype results at Empire show that RSLR scenarios have little visible impact 
until S4. ESSPM SLR has a larger impact than RSLR with each scenario. S0, the base case, and 
S1 appear to predict the same values of shear stress. Bed shear stress begins to decrease in S2 
with the lowest amount of bed shear stress in S4. The D15 model in Figure 53 has slightly 
different results. Most of the values are above the D15 critical bed shear stress (=0.003 psf) with 
the exception of February and July through September, which are the months of low flow (below 
400,000 cfs at prototype scale). The RSLR scenarios has a larger impact than the prototype 
model. The bed shear stress decreases with each scenario, including S1. ESSPM SLR has a 
larger impact than RSLR, shown by a greater separation in the graphs. 
 Farther downstream at Venice in Figure 54, there is only visible shear stress during 
RSLR peak flow during June for S0 and S1. The model predicts that there is no shear stress at 
Venice for the remaining scenarios due to the large increase of the downstream water level. 
ESSPM SLR produces similar results. The D15 model in Figure 55, however, produces different 
results at Venice. There are lower shear stress values that are still above the critical shear stress 
for RSLR S1. Increasing RSLR dampens the fluctuations of the shear hydrograph and ends with 
values below critical shear stress during S4. ESSPM SLR produces similar results for S0 and S1, 
with a larger impact on S2, S3, and S4. 
Figures 56 through 57 contain 1-D and 2-D prototype color maps at Empire. Figure 56 
illustrates the bed shear stress results for Scenario 1. The 1-D RSLR (top left) does not show 
significant differences compared to ESSPM SLR (bottom left), which is also shown in the graph 
of results (Figure 52). Similarly, 2-D RSLR (top right) does not show significant differences 
compared to ESSPM SLR (bottom right). Compared to the 2-D results, shown right, the 1-D 
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model actually predicts higher bed shear stress values in the outer bend. The 1-D model predicts 
up to 0.4 psf while the 2-D model has a maximum of 0.24 psf at L1. However, the 2-D model 
predicted higher shear stress at L2. Figure 57 illustrates the results in Scenario 4. The 1-D 
images, shown left, clearly illustrate the decrease of bed shear stress that occurs with ESSPM 
SLR. The 2-D images, shown right, do not illustrate a significant difference. Similar to S1, the 1-
D predicts higher shear stress values at L1, but lower shear stress at L2. 
Figure 58 and 59 illustrates the bed shear stress results at Venice for S1 and S4, respectively. 
1-D results (left) illustrate the differences between RSLR and ESSPM at L1. There are no visible 
differences for L1 or L2 in 2-D (right). Unlike Empire, 2-D results predict higher bed shear stress 
values than 1-D at Venice. S4 shows a similar trend. 1-D results predict higher shear stress at 
both L1 and L2 for S4, while 2D illustrates little difference. 2-D also predicts higher values than 
1-D for S4. 
Table 24 illustrates the RMSE percentages for S1 through S4 at each location. For every case 
where both RSLR and ESSPM SLR bed shear stress were below critical shear stress, the 
difference is assumed to be negligible. There are no percentages listed for prototype S3 and S4 at 
Venice, because all values are below the critical shear stress. Starting at Baton Rouge, the bed 
shear stress between RSLR and ESSPM SLR are similar, but start to diverge at Empire and 
Venice. The scenarios also increase the deviation between RSLR and ESSPM SLR. The 
locations of interest, Empire and Venice, have large differences up to 170% in the prototype 
model and 68% in the D15 model. 
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CHAPTER 5. SUMMARY AND RECOMMENDATIONS 
Relative SLR along the lowermost Mississippi River can only be physically modeled as 
eustatic SLR because of the inability to physically lower particular sections of the Expanded 
Small-scale Physical Model (ESSPM). The main objective is to quantitatively determine the 
effectiveness of modeling hydrodynamics and sediment transport parameters in the lower 
Mississippi River under eustatic sea level rise (representing both future eustatic SLR and 
subsidence as ESSPM SLR) compared to accounting for future eustatic sea level rise and 
subsidence separately (RSLR). For both calibration and validation of the prototype model and 
D15 validation, RMSE% and bias met desired targets (<15% and <10, respectively, for all 
stations), while the Pearson product-moment correlation coefficient met the acceptable target 
(>0.9 for 80% of stations). These small errors indicate that this combination of parameters 
produces a good fit to the observed data for an acceptable model performance. 
5.1.  RSLR and ESSPM SLR 
Depth, bed shear stress, and velocity are compared for RSLR (the combination of eustatic 
SLR and subsidence separately) and ESSPM SLR (ESSPM conditions where the combined 
effect is modeled as ESLR) at each location for 1-D prototype, 1-D D15, and 2-D prototype. 
Two locations for each parameter are shown for each parameter to demonstrate differences 
between RSLR and ESSPM SLR.  Depths are roughly the same between RSLR and ESSPM SLR 
for all locations. Carrolton (RM 102.8) and Baton Rouge (228.4) are shown to have the largest 
differences because these locations are farthest from the downstream boundary condition, where 
the depths between RSLR and ESSPM are equal (see Figure 10). Velocity and bed shear stress 
are roughly the same between RSLR and ESSPM SLR and start to deviate at Empire (RM 29.5) 
and Venice (RM 10.7). Statistics were performed at all stations. The root mean square error 
percentages were performed on the model to compare ESSPM SLR to RSLR. The ESSPM SLR 
represents predicted values, while RSLR represents the observed data because combination of 
eustatic SLR and subsidence is actually observed in the Mississippi River.  
Depth between RSLR and SLR are approximately the same at all locations.  The differences 
between ESSPM SLR and RSLR decrease with each downstream station approaching the 
downstream boundary condition, where the depths are equal. At each location, differences 
increase with each scenario. Though the same trends are found for 1-D prototype, 1-D D15, and 
2-D prototype, the differences are still below 3%. 
Velocity RMSE% show the same trends of increasing differences with each scenario due to 
changing slope. The differences are more significant in the locations of interest, Empire and 
Venice, with RMSE% of up to approximately 55% and 71% for prototype and D15, respectively 
(Table 23). While D15 has smaller errors above Empire, the model has produced larger 
differences for Empire and Venice. 
 Bed shear stress between RSLR and ESSPM are roughly the same at upstream stations, but 
start to deviate near Empire. However, most of the raw values are extremely small. Further 
evaluation concluded that some of the values were below critical shear stress. For every case 
where both RSLR and ESSPM SLR bed shear stress were below critical shear stress, the 
difference is assumed to be negligible. There are no percentages listed for prototype S3 and S4 at 
Venice, because all values are below the critical shear stress. The locations of interest, Empire 
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and Venice, have large differences up to 170% in the prototype model and 68% in the D15 
model (Table 24). Because the bed shear stress at these two locations fluctuates around critical 
shear stress (calculated in Table 25), the difference between RSLR and ESSPM can mean 
differences in deposition patterns. Typically, there is a downstream decrease in bed shear stress 
for low and moderate flow and an increase in bed shear stress during high flows. Based on the 
data presented in Figure 52, ESSPM SLR will have shear stress below critical values even during 
certain days of high flow rates at Empire for S2, S3, and S4. This means there will be little 
sediment transport and possibly deposition even during high flows. This extends to S1 for 
Venice. The advantage of the D15 model is that there is less error compared to the prototype 
model, which means that ESSPM SLR has a smaller impact on the D15 model than the prototype 
model. The ESSPM will produce more accurate deposition patterns.  
The differences between ESSPM SLR and RSLR become more visible with each scenario. 
This is due to the geometry changes that are occurring with RSLR but are lacking with ESSPM 
SLR. At first, the geometries have very small differences. By the fourth scenario, the RSLR 
geometry has subsided approximately 3.4 feet at Head of Passes (RS 0.07), while there is no 
change in ESSPM SLR. This subsidence is causing an increase in bed slope, and therefore 
increasing difference between the geometries. Because the largest difference of bed slope is 
between ESSPM SLR and RSLR is at Head of Passes (see Figure 26), the largest differences in 
velocity and bed shear stress occur at the two nearest locations: Empire (RS 29.5) and Venice 
(RS 10.7). Subsidence in these models attributes to larger depths, which ultimately decrease 
velocities. The milder slope in ESSPM SLR scenarios produces smaller bed shear stresses 
compared to RSLR. 
The primary objective is to develop 1-D prototype and D15 numerical models to 
quantitatively compare the hydraulic and sediment transport characteristics under future RSLR 
natural conditions and under ESSPM conditions. Overall, there are no significant differences 
between RSLR and ESSPM SLR for depth in both models. Bed shear stress and velocity 
differences are very small but start to increase at Empire and Venice for both models. However, 
these scenarios provide insight about the model differences that occur at Empire and Venice with 
increasing ESSPM sea level. 
5.2.  1-D and 2-D Modeling 
The second objective is to compare the impact of modeling the lower Mississippi River under 
eustatic sea level rise (representing both future eustatic SLR and subsidence as ESSPM SLR) in 
both 1-D and 2-D. Because the 2-D modeling aspect is still new to the HEC-RAS software, some 
of the modeling is still limited. Depth and velocity can be extracted at a chosen grid point as a 
time series and statistically. Bed shear stress values cannot be extracted as a time series and was 
therefore shown as a color map of a specific area to qualitatively compare the impact of ESSPM 
SLR. 
 The 1-D and 2-D prototype model produced very similar results for depth between RSLR 
and ESSPM SLR. Depth values were within the same range, but there were some differences. 
Slight differences values are noticed between 1-D and 2-D prototype peaks and troughs of the 
hydrographs. This is due to the 2-D model differences, including the absence of flow roughness 
factors and structures. Another differences in depth included the impact of each scenario. For 
example, 1-D depths during high flow rates (2-June) at Carrollton were generally the same while 
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depths during lower flow rates tended to increase with each scenario (see Figure 43). The upper 
half of the 1-D domain has a clear flow influence, while the lower half of the domain is 
influenced by the changing downstream boundary condition. In 2-D, Carrollton depths overall 
increased with each scenario.  
 Velocity trends in 1-D were altogether different in 2-D. The 1-D model predicted velocity 
trends to be similar to bed shear stress, where differences between RSLR and ESSPM SLR 
increased most downstream. The 2-D model predicted that velocity differences were much 
smaller than the 1-D model and that there is little change with each scenario (Table 23). This is 
possibly due to the accuracy of 2-D modeling and more accurately predicting the distribution of 
flow across the channel. 
 Bed shear stress and velocity demonstrated the same trends in 1-D. If the assumption is 
that this is true in 2-D, we can use this information to qualitatively evaluate the bed shear stress 
maps. The 2-D maps show greater detail in bed shear stress distribution, but show different 
results. According to the 1-D model, the bed shear stress is very small at Empire and Venice and 
there are significant differences between RSLR and ESSPM SLR. The 2-D model illustrates 
higher bed shear stresses across the channel with smaller visible differences between RSLR and 
ESSPM SLR (see Figures 56-59). This trend is also visible with velocity, which confirms the 
initial assumption. 
The 2-D prototype model estimates insignificant differences between RSLR and ESSPM 
SLR in all three parameters at all locations compared to the 1-D prototype model, which 
predicted velocity and bed shear stress differences between RSLR and ESSPM at Empire and 
Venice. 
5.3.  Recommendations 
There are multiple areas that can be continued. The most important improvement concerns 
the downstream boundary conditions. The boundary conditions were set to a constant water 
surface elevation and did not include any influences from the Gulf of Mexico. This set condition 
is located at the last cross-section of each pass and could potentially cause wave reflection at this 
location. Even though the ESSPM will not simulate these conditions, the physical model 
includes the Mississippi River basin surrounding the lowermost river at Head of Passes. This will 
give a more accurate representation of the open ocean boundary condition. 
The current geometry is from the 2004 USACE Hydrographic Surveys, which were 
completed before Hurricane Katrina hit Louisiana. The main river levees were updated using 
1973 MRL Project Grade elevations from RM 228.4 to RM 44 and GDM MRL Grade for all 
cross sections below RM 44. However, there are no levees below Venice (RM 10.7). The bed 
elevation around the receiving areas of the lower Mississippi River passes is higher than current 
conditions. As a result, the model tended to over-estimate the flow due (see Section 3.3). This 
resulted in manual channel deepening, extreme Manning’s roughness coefficients, and flow 
roughness factors to account for the geometry differences. These geometry changes, coefficients, 
and factors should be refined to produce more accurate and realistic results.  
The 2-D modeling is a recent addition to USACE HEC-RAS, and there were few model 
limitations. The 2-D structures are limited to diverting water to a specific location, instead of out 
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of the system as in 1-D HEC-RAS. As a result, no structures were included in the 2-D model. 
Structures can be replaced using external boundary conditions to divert flow out of the river. 
Currently, Bohemia Spillway and Fort St. Philip only have estimated averages and more 
information is needed to produce hydrographs or rating curves to accurately divert flow out of 
the river. In addition, depth, water surface elevation, and velocity were the only parameters that 
can be extracted as a time series. Bed shear stress had to be qualitatively compared in 2-D using 
colored maps. Bed shear stress needs to be statistically compared either using a different 
software or a future version of HEC-RAS. Velocity was extracted at a single grid cell to compare 
RSLR and ESSPM SLR. The results did not show any variation with scenarios. This should be 
explored by looking at the distribution along the channel and averaging the velocities in the 
entire cross- section. 
 The D15 geometry was scaled 1:400 vertically and 1:6000 horizontally. In order to create 
a terrain map for the 2-D model, cross-section need to be interpolated. HEC-RAS RasMapper 
could not load the geometry due to its extremely small domain. This geometry would cause the 
program to crash and the 2-D model could not be created. A 2-D model of the D15 geometry can 
be created using a different software.   
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APPENDIX A: JUNCTION DATA 
Table 26: Junction Data 
Junction From To 
Baptiste Collette MR Main Channel Baptiste Collette Reach & 
MR Main Channel 2 
Grand  MR Main Channel 2 Grand/Tiger Pass & MR 
Main Channel 3 
WBD MR Main Channel 3 West Bay Diversion & MR 
Main Channel 4 
Main MR Main Channel 4 Main Pass & MR Main 
Channel 5 
PaL1 MR Main Channel 5 PaL1 & Head of Passes 
PaL3 PaL1 PaL 2 & 4 
South Head of Passes South & Southwest Pass 
Tiger Grand/Tiger Pass Grand Pass & Tiger Pass 
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APPENDIX B: MANNING’S ROUGHNESS COEFFICIENTS 
Table 27: 1-D Prototype Manning’s n for all geometry sections 
River Reach RM Left Overbank Channel Right 
Overbank 
Mississippi Main Channel 228.4-102.96 0.026 0.024 0.026 
Mississippi Main Channel 102.7-50.3 0.024 0.022 0.024 
Mississippi Main Channel 50.2-29.6 0.022 0.02 0.022 
Mississippi Main Channel 29.5-11.2 0.022 0.018 0.022 
Mississippi Main Channel2 11.2-10.6 0.022 0.016 0.022 
Mississippi Main Channel3 10.4-4.9 0.022 0.016 0.022 
Mississippi Main Channel4 4.7-2.95 0.022 0.016 0.022 
Mississippi Main Channel5 4.46-0.07 0.022 0.016 0.022 
Mississippi PaL1 8.008-1.242 0.02 0.014 0.02 
Mississippi SW_SouthJNC 11.37-11.11 0.05 0.048 0.05 
Mississippi Grand_TigerJNC 7.37-7.11 0.01 0.003 0.01 
Mississippi SW Pass 11.001-0 0.065 0.06 0.065 
Mississippi Tiger Pass 7.44-0 0.012 0.003 0.012 
Mississippi South Pass 7.1-0 0.012 0.01 0.012 
Mississippi PaL4 2-0 0.02 0.014 0.02 
Mississippi Main Pass 6.94-0 0.01 0.003 0.01 
Mississippi Grand Pass2 6.98-0 0.012 0.003 0.012 
Mississippi PaL2 1.05-0 0.02 0.014 0.02 
Mississippi WBD 15-0 0.04 0.035 0.04 
Baptiste 
Collette 
Reach 5.4-0 0.008 0.006 0.008 
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Table 28: 1-D D15 Manning’s n for all geometry sections  
River Reach RM Left Overbank Channel Right Overbank 
Mississippi Main Channel 228.4-102.96 0.027 0.025 0.027 
Mississippi Main Channel 102.7-50.3 0.025 0.0229 0.025 
Mississippi Main Channel 50.2-29.6 0.0229 0.0208 0.0229 
Mississippi Main Channel 29.5-11.2 0.0229 0.0187 0.0229 
Mississippi Main Channel2 11.2-10.6 0.0229 0.0187 0.0229 
Mississippi Main Channel3 10.4-4.9 0.0229 0.0187 0.0229 
Mississippi Main Channel4 4.7-2.95 0.0229 0.0187 0.0229 
Mississippi Main Channel5 4.46-0.07 0.0229 0.0187 0.0229 
Mississippi PaL1 8.008-1.242 0.0208 0.0146 0.0208 
Mississippi SW_SouthJNC 11.37-11.11 0.052 0.021 0.052 
Mississippi Grand_TigerJNC 7.37-7.11 0.01 0.0073 0.01 
Mississippi SW Pass 11.001-0 0.0676 0.0125 0.0676 
Mississippi Tiger Pass 7.44-0 0.01 0.00723 0.01 
Mississippi South Pass 7.1-0 0.0125 0.00312 0.0125 
Mississippi PaL4 2-0 0.0208 0.0146 0.0208 
Mississippi Main Pass 6.94-0 0.014 0.0104 0.014 
Mississippi Grand Pass2 6.98-0 0.01 0.00728 0.01 
Mississippi PaL2 1.05-0 0.0208 0.0146 0.0208 
Mississippi WBD 15-0 0.0416 0.0364 0.0416 
Baptiste 
Collette 
Reach 5.4-0 0.0083 0.0062 0.0083 
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Table 29: 2-D Prototype Manning’s n for all geometry sections 
River Reach RM Channel 
Mississippi Main Channel 228.4-175.6 0.022 
Mississippi Main Channel 175.4-157.5 0.024 
Mississippi Main Channel 157.4-49 0.022 
Mississippi Main Channel 48.8-30 0.02 
Mississippi Main Channel 29.5-11.3 0.018 
Mississippi Main Channel2 11.2-10.6 0.016 
Mississippi Main Channel3 10.4-4.9 0.016 
Mississippi Main Channel4 4.7-2.95 0.016 
Mississippi Main Channel5 4.46-0.07 0.016 
Mississippi PaL1 8.008-1.242 0.01 
Mississippi SW_SouthJNC 11.37-11.11 0.048 
Mississippi Grand_TigerJNC 7.37-7.11 0.003 
Mississippi SW Pass 11.001-0 0.06 
Mississippi Tiger Pass 7.44-0 0.003 
Mississippi South Pass 7.1-0 0.01 
Mississippi PaL4 2-0 0.014 
Mississippi Main Pass 6.94-0 0.003 
Mississippi Grand Pass2 6.98-0 0.003 
Mississippi PaL2 1.05-0 0.014 
Mississippi WBD 15-0 0.035 
Baptiste 
Collette 
Reach 5.4-0 0.006 
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APPENDIX C: ROUGHNESS FACTORS 
Table 30: Prototype flow roughness factors for lower Mississippi River up to RM 29.5 
Flow/RM GoM-2.752 2.95-4.7 4.9-29.5 
300000 0.42 0.58 0.38 
330000 0.42 0.58 0.38 
363000 0.32 0.23 0.12 
399300 0.25 0.3 0.21 
439230 0.12 0.12 0.1 
483153 0.17 0.15 0.11 
531468.3 0.8 0.11 0.12 
584615.2 0.3 0.25 0.2 
643076.8 0.7 0.51 0.2 
707384.4 0.37 0.35 0.7 
778122.9 0.53 0.41 0.64 
855935.2 0.35 0.3 0.95 
941528.8 0.33 0.27 0.84 
1035682 0.36 0.3 0.8 
1139250 0.36 0.3 0.9 
 
Table 31: Prototype flow roughness factors for lower Mississippi River above RM 29.5 
Flow/RM 29.6-
48.8 
49-88.3 88.5-
102.95 
103.2-
126.9 
127.1-
138.8 
139-
157.3 
157.4-
173.5 
173.7-
228.4 
300000 0.15 0.57 1.09 1.07 1.02 1.61 0.9 0.93 
360000 0.15 0.57 1.09 1.07 1.02 1.61 0.9 0.93 
432000 0.5 0.88 1.18 1.1 1. 1.6 0.92 1.03 
518400.1 0.14 1.08 1.05 1.12 1.31 1.08 0.63 1.08 
622080.1 0.72 1.22 1.22 1.14 0.98 1.41 0.91 1.03 
746496.2 1.03 1.17 1.14 1.03 1.04 1.3 0.85 1. 
895795.4 0.81 0.98 1.06 0.94 1. 1.13 0.83 0.88 
1074955 0.81 0.99 1.05 0.89 0.76 1.09 0.68 0.87 
 
 
 
 
 
 
  
                                               
2 Includes Southwest Pass, South Pass, and Pass A Loutre 
92 
 
Table 32: Prototype seasonal roughness factors for Mississippi River 
Flow/RM GoM-11.2 11.3-29.5 
1-Jan 0.6 0.6 
1-Feb 0.6 0.6 
1-Mar 0.6 0.6 
1-Apr 0.6 0.6 
1-May 0.8 1.1 
1-Jun 0.8 1.1 
1-Jul 1 0.8 
1-Aug 1.05 1 
1-Sep 1.1 1 
1-Oct 1 1 
1-Nov 0.7 0.9 
1-Dec 0.8 0.9 
 
Table 33: D15 flow roughness factors for lower Mississippi River up to RM 29.5 
  
Flow/RM* GoM-4.73 4.9-29.5 
300000 1.02 0.8 
330000 1.02 0.8 
363000 1 0.8 
399300 0.98 0.8 
439230 1 0.8 
483153 1.1 0.8 
531468.3 1.1 0.8 
584615.2 1.1 1 
643076.8 1.1 1 
707384.4 1.1 1 
778122.9 1.1 1 
855935.2 1.1 1.1 
941528.8 1.2 1.1 
1035682 1.2 1.1 
1139250 1.2 1.1 
* Flow is shown at prototype scale 
                                               
3 Includes Southwest Pass, South Pass, and Pass A Loutre 
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Table 34: D15 flow roughness factors for lower Mississippi River above RM 29.5 
Flow/RM* 
29.6-
48.8 49-88.3 
88.5-
102.95 
103.2-
126.9 
127.1-
138.8 
139-
157.2 
157.4-
173.5 
173.7-
228.4 
300000 0.9 0.9 0.8 0.9 0.9 1.1 0.95 1 
360000 0.9 0.9 0.8 0.9 0.9 1.1 0.95 1 
432000 0.9 0.9 0.8 0.9 0.9 1.1 1 1 
518400.1 0.9 1 1 1 1 1.1 1 1.05 
622080.1 0.9 1 1 1.05 1.05 1.2 1 1.1 
746496.2 0.9 1.02 1.1 0.9 1.05 1.2 0.9 1.02 
895795.4 1 0.9 0.8 0.9 0.85 0.9 0.9 0.9 
1074955 1 0.9 0.8 0.9 0.85 0.9 0.9 0.9 
* Flow is shown at prototype scale 
  
94 
 
 
APPENDIX D: BOUNDARY CONDITIONS 
 
Figure 60: 2009 Prototype discharge hydrograph 
 
Figure 61: 2010 Prototype discharge hydrograph 
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Figure 62: 2009 D15 discharge hydrograph 
Table 35: Downstream boundary condition locations 
River Reach RM 
Baptiste Collette Reach 0 
Mississippi  WBD 0 
Mississippi PaL2 0 
Mississippi Grand Pass 0 
Mississippi Main Pass 0 
Mississippi PaL4 0 
Mississippi South Pass 0 
Mississippi Tiger Pass 0 
Mississippi Southwest Pass 0 
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Table 36: Overall prototype structure gate operations  
Structure RM Gate Group Height (ft) 
Bonnet Carré 128.6 1 0 
  2 0 
  3 0 
  4 0 
  5 0 
  6 0 
  7 0 
  8 0 
  9 0 
  10 0 
  11 0 
  12 0 
  13 0 
  14 0 
  15 0 
  16 0 
Davis Pond Freshwater 
Diversion 
118 1 0 
  2 0 
  3 0 
  4 0 
Caernarvon Freshwater 
Diversion 
81.5 1 0 
  2 0 
  3 0 
  4 0 
  5 0 
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Table 37: Boundary conditions (BC) for all proposed scenarios 
Abbreviation Dimension Simulation ESSPM SLR (ft) Eustatic BC (ft) 
1D_Proto_S0 1-D Mississippi River Base Model : 1.4 
1D_Proto_S1 1-D Mississippi River 2.9 1.8 
1D_Proto_S2 1-D Mississippi River 4.4 2.2 
1D_Proto_S3 1-D Mississippi River 5.4 2.6 
1D_Proto_S4 1-D Mississippi River 6.4 3.0 
1D_ESSPM_S0 1-D ESSPM 0.0035 0.0035 
1D_ESSPM_S1 1-D ESSPM 0.0073 0.0045 
1D_ESSPM_S2 1-D ESSPM 0.0110 0.0065 
1D_ESSPM_S3 1-D ESSPM 0.0135 0.0075 
1D_ESSPM_S4 1-D ESSPM 0.0160 0.0075 
2D_Proto_S0 2-D Mississippi River 2.9 1.8 
2D_Proto_S1 2-D Mississippi River 4.4 2.2 
2D_Proto_S2 2-D Mississippi River 5.4 2.6 
2D_Proto_S3 2-D Mississippi River 6.4 3.0 
2D_Proto_S4 2-D Mississippi River 2.9 1.8 
2D_UD_ESSPM_S0 2-D Undistorted ESSPM 0.0035 0.0035 
2D_UD_ESSPM_S1 2-D Undistorted ESSPM 0.0073 0.0045 
2D_UD_ESSPM_S2 2-D Undistorted ESSPM 0.0110 0.0065 
2D_UD_ESSPM_S3 2-D Undistorted ESSPM 0.0135 0.0075 
2D_UD_ESSPM_S4 2-D Undistorted ESSPM 0.0160 0.0075 
2D_ESSPM_S0 2-D ESSPM 0.0035 0.0035 
2D_ESSPM_S1 2-D ESSPM 0.0073 0.0045 
2D_ESSPM_S2 2-D ESSPM 0.0110 0.0065 
2D_ESSPM_S3 2-D ESSPM 0.0135 0.0075 
2D_ESSPM_S4 2-D ESSPM 0.0160 0.0075 
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APPENDIX E: INITIAL CONDITIONS 
Table 38: Prototype Unsteady State Initial Conditions for 2009 
Location River Reach Discharge (cfs) 
Baton Rouge Mississippi River Main Channel 516599.9 
Venice Mississippi River Main Channel 2 452541.5 
Baptiste Collette Baptiste Collette Reach 45254.1 
Grand/Tiger Pass Junction Mississippi River Grand_TigerJNC 49779.5 
Main Pass Mississippi River Main Pass 58830.3 
Pass A Loutre Mississippi River Pass a Loutre 47516.8 
South Pass Mississippi River South Pass 52042.2 
Head of Passes Mississippi River Southwest_SouthJNC 224008.0 
West Bay Diversion Mississippi River WBD 27152.5 
Tiger Pass Mississippi River Tigerpass 16014.6 
Above West Bay Mississippi River Main Channel 3 357507.8 
Below West Bay Mississippi River Main Channel 4 271524.9 
Above Head of Passes Mississippi River Main Channel 5 212694.5 
Southwest Pass Mississippi River SW Pass 171965.8 
Grand Pass Mississippi River Grandpass 2 33765.0 
North Pass A Loutre Mississippi River PaL 2 23758.4 
Sotuh Pass A Loutre Mississippi River PaL 4 23758.4 
 
Table 39: Prototype Unsteady State Initial Conditions for 2010 
Location River Reach Discharge (cfs) 
Baton Rouge Mississippi River Main Channel 806900 
Venice Mississippi River Main Channel 2 706844.4 
Baptiste Collette Baptiste Collette Reach 70684.4 
Grand/Tiger Pass Junction Mississippi River Grand_TigerJNC 77752.9 
Main Pass Mississippi River Main Pass 91889.8 
Pass A Loutre Mississippi River Pass a Loutre 74218.7 
South Pass Mississippi River South Pass 81287.1 
Head of Passes Mississippi River Southwest_SouthJNC 349888.0 
West Bay Diversion Mississippi River WBD 42410.7 
Tiger Pass Mississippi River Tigerpass 25013.9 
Above West Bay Mississippi River Main Channel 3 558407.1 
Below West Bay Mississippi River Main Channel 4 424106.6 
Above Head of Passes Mississippi River Main Channel 5 332216.9 
Southwest Pass Mississippi River SW Pass 268600.9 
Grand Pass Mississippi River Grandpass 2 52739.0 
North Pass A Loutre Mississippi River PaL 2 37109.3 
Sotuh Pass A Loutre Mississippi River PaL 4 37109.3 
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Table 40: D15 Unsteady State Initial Conditions for 2009 
Location River Reach Discharge (cfs) 
Baton Rouge Mississippi River Main Channel 0.010762 
Venice Mississippi River Main Channel 2 0.009428 
Baptiste Collette Baptiste Collette Reach 0.000943 
Grand/Tiger Pass Junction Mississippi River Grand_TigerJNC 0.001037 
Main Pass Mississippi River Main Pass 0.001226 
Pass A Loutre Mississippi River Pass a Loutre 0.000990 
South Pass Mississippi River South Pass 0.001084 
Head of Passes Mississippi River Southwest_SouthJNC 0.004667 
West Bay Diversion Mississippi River WBD 0.000566 
Tiger Pass Mississippi River Tigerpass 0.000334 
Above West Bay Mississippi River Main Channel 3 0.007448 
Below West Bay Mississippi River Main Channel 4 0.005657 
Above Head of Passes Mississippi River Main Channel 5 0.004431 
Southwest Pass Mississippi River SW Pass 0.003583 
Grand Pass Mississippi River Grandpass 2 0.000703 
North Pass A Loutre Mississippi River PaL 2 0.000495 
Sotuh Pass A Loutre Mississippi River PaL 4 0.000495 
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APPENDIX F: CALIBRATION/VALIDATION HYDROGRAPHS 
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Figure 63: 1-D Prototype Baton Rouge 2009 (top) and 2010 (bottom) stage hydrographs 
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Figure 64: 1-D Prototype Donaldsonville 2009 (top) and 2010 (bottom) stage hydrographs  
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Figure 65: 1-D Prototype College Point 2009 (top) and 2010 (bottom) stage hydrographs 
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Figure 66: 1-D Prototype Reserve 2009 (top) and 2010 (bottom) stage hydrographs  
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Figure 67: 1-D Prototype Bonnet Carré 2009 (top) and 2010 (bottom) stage hydrographs  
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Figure 68: 1-D Prototype Carrollton 2009 (top) and 2010 (bottom) stage hydrographs  
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Figure 69: 1-D Prototype Algiers Lock 2009 (top) and 2010 (bottom) stage hydrographs  
Feb Apr Jun Aug Oct Dec
2009
0
2
4
6
8
10
12
14
Plan: 2009 E+S   River: Mississippi   Reach: Main Channel   RS: 88.3
Time
S
ta
g
e
 (
ft
)
Legend
Stage
Obs Stage
Feb Apr Jun Aug Oct Dec
2010
0
2
4
6
8
10
12
Plan: 2010   River: Mississippi   Reach: Main Channel   RS: 88.3
Time
S
ta
g
e
 (
ft
)
Legend
Stage
Obs Stage
108 
 
 
Figure 70: 1-D Prototype West Point A La Hache 2009 (top) and 2010 (bottom) stage 
hydrographs  
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Figure 71: 1-D Prototype Empire 2009 (top) and 2010 (bottom) stage hydrographs  
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Figure 72: 1-D Prototype Venice 2009 (top) and 2010 (bottom) stage hydrographs  
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Figure 73: 1-D D15 2009 Baton Rouge (top) and Donaldsonville (bottom) stage hydrographs  
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Figure 74: 1-D D15 2009 College Point (top) and Reserve (bottom) stage hydrographs 
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Figure 75: 1-D D15 2009 Bonnet Carré (top) and Carrollton (bottom) stage hydrographs 
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Figure 76: 1-D D15 2009 Algiers Lock (top) and West Pointe a la Hache (bottom) stage 
hydrographs 
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Figure 77: 1-D D15 2009 Empire (top) and Venice (bottom) stage hydrographs  
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Figure 78: 2-D Prototype 2009 Baton Rouge (top) and Donaldsonville (bottom) stage 
hydrographs  
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Figure 79: 2-D Prototype 2009 College Point (top) and Reserve (bottom) stage hydrographs 
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Figure 80: 2-D Prototype 2009 Bonnet Carré (top) and Carrollton (bottom) stage hydrographs 
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Figure 81: 2-D Prototype 2009 Algiers Lock (top) and West Pointe a la Hache (bottom) stage 
hydrographs 
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Figure 82 : 2-D Prototype 2009 Empire (top) and Venice (bottom) stage hydrographs 
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APPENDIX G: 1-D RAW DATA 
 
Figure 83: 1-D Prototype unsteady state depth comparison at Alliance 
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Figure 84: 1-D Prototype unsteady state depth comparison at West Pointe a la Hache 
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Figure 85: 1-D Prototype unsteady state depth comparison at Empire 
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Figure 86: 1-D Prototype unsteady state depth comparison at Venice 
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Figure 87: 1-D D15 unsteady state depth comparison at Alliance 
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Figure 88: 1-D D15 unsteady state depth comparison at West Pointe a la Hache 
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Figure 89: 1-D D15 unsteady state depth comparison at Empire 
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Figure 90: 1-D D15 unsteady state depth comparison at Venice 
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Figure 91: 2-D Prototype unsteady state depth comparison at Alliance 
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Figure 92: 2-D Prototype unsteady state depth comparison at West Pointe a la Hache 
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Figure 93: 2-D Prototype unsteady state depth comparison at Empire 
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Figure 94: 2-D Prototype unsteady state depth comparison at Venice 
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Figure 95: 1-D Prototype unsteady state bed shear stress comparison at Baton Rouge 
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Figure 96: 1-D Prototype unsteady state bed shear stress comparison at Carrollton 
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Figure 97: 1-D Prototype unsteady state bed shear stress comparison at Alliance 
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Figure 98: 1-D Prototype unsteady state bed shear stress comparison at West Pointe a la Hache 
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Figure 99: 1-D D15 unsteady state bed shear stress comparison at Baton Rouge 
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Figure 100: 1-D D15 unsteady state bed shear stress comparison at Carrollton 
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Figure 101: 1-D D15 unsteady state bed shear stress comparison at Alliance 
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Figure 102: 1-D D15 unsteady state bed shear stress comparison at West Pointe a la Hache 
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Figure 103: 1-D Prototype unsteady state velocity comparison at Baton Rouge 
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Figure 104: 1-D Prototype unsteady state velocity comparison at Carrollton 
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Figure 105: 1-D Prototype unsteady state velocity comparison at Alliance 
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Figure 106: 1-D Prototype unsteady state velocity comparison at West Pointe a la Hache 
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Figure 107: 1-D D15 unsteady state velocity comparison at Baton Rouge 
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Figure 108: 1-D D15 unsteady state velocity comparison at Carrollton 
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Figure 109: 1-D D15 unsteady state velocity comparison at Alliance 
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Figure 110: 1-D D15 unsteady state velocity comparison West Pointe a la Hache 
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Figure 111: 2-D Prototype unsteady state velocity comparison at Baton Rouge  
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Figure 112: 2-D Prototype unsteady state velocity comparison at Carrollton 
  
0
1
2
3
4
5
6
7
8
1-Jan 1-Mar 30-Apr 29-Jun 28-Aug 27-Oct
V
el
o
ci
ty
 (
ft
/s
)
Date
RSLR Carrollton (RM 102.8)
S0 S1 S2 S3 S4
0
1
2
3
4
5
6
7
8
1-Jan 1-Mar 30-Apr 29-Jun 28-Aug 27-Oct
V
el
o
ci
ty
 (
ft
/s
)
Date
ESSPM SLR Carrollton (RM 102.8)
S0 S1 S2 S3 S4
151 
 
 
 
Figure 113: 2-D Prototype unsteady state velocity comparison at Alliance 
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Figure 114: 2-D Prototype unsteady state velocity comparison at West Pointe a la Hache 
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